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ABSTRACT

Studies have been m_a.de of the coxﬁbustion of relatively
high molecular weight alkanes (especially n-decane) at sub-
atmospheric pressures and in the temperature range 480 to 620°K.
Special attention has been paid to the variation with n~decane: air
ratio of the spontaneous ignition temperature limits and the effect
on these limits of replacing some or all of the n~decane by a highly
branched alkane, 2,2, 5-trimet! ‘lhexane. In addition, the
variation with molecular weight and molecular structure of the
alkane of the spontaneous ignition temperature limits has been
investigated. Studies have also been made of the initial conditions
required to cause spontaneous ignition in asymmetrically heated
n-decane-air mixtures.

The Introduction (Section 1) outlines the hazards associated
with unwanted ignition in hydrocarbon fuels, with particular reference
tc; spontaneous ignition. Methods of classifying flammable and
explosive gas mixtures are briefly reviewed, and ways in which the
ignition tendency of these mixtures may be reduced are described in
terms of the influence of experimental conditions on thermal balance
and on the chemistry of the combustion reactions.

The Experimental Section (Section 2) describes the vacuum
apparatus and the procedures used. Temperature and pressure
changes accompanying combustion reactions were monitored using

fine thermocouples and a strain-gauge pressure transducer



respectively. Asymmetric heating of n-decane-air mixtures was
achielved using a hot tube contained in a cooler spherical vessel.

The Results Section (Section 3) describes the temperature /
pressure ignition profiles for n-decane-air mixtures, and the
slow-combustion/cool-flame boundaries obtained with several other
alkanes. Overall changes in the nature of the combustion reactions
are related to the variation with initial temperature and pressure of
the induction period preceding and pressure change accompanying
the passage of cool flames. Temperature profiles across the vertical
diameter of the reaction vessel show the existence of maximum stable
temperature rises at the centre of the vessel under slow-combustion/
cool-flame boundary conditions for n-decane~air mixtures; these
measurements also indicate the extent of natural convection in such
mixtures.

For the hot-tube-in-a-sphere studies, the minimum tube
temperature required to cause spontaneous ignition of n~-decane in
air is shown to depend on vessel temperature and tube diameter.
Induction periods preceding, and pressure changes accompanying
ignition are shown to be very sensitive to changes in tube temperature.

Finally, in the Discussion Section (Section 4) it is shown
that lobes occurring on the two-stage ignition profile for n-decane-air
mixtures probably result from changes with temperature of the chain-
branching reactions and that the overall activation energy is related
to these reactions. The ignitability of fuel-air mixtures containing

n-decane and 2, 2, 5-trimethylhexane is shown to be influenced largely

oL



by the more readily ignitable component, n-decane.

Under conditions where heat transf‘er in the reacting gases
takes place purely by conduction, cool-flame limits are in excellent
agreement with predictions according to the conductive theory of
thermal ignition. A computer programme based on thermal ignition
theory is presented which predicts reasonably accurately for alkanes
with carbon number not greater than ten the autoignition temperatures
at atmospheric pressure, and the limiting conditions for cool flames.
‘When convective heat transfer is significant, the critical condition
for ignition is a function of the Rayleigh number of the gas. The
overall activation energy for cool-flame combustion is shown to be
a parameter characteristic of the ignitability of an alkane.

Sponfaneous ignition in asymmetrically heated gaseous
reactants is unlikely to occur unless a critical amount of heat is
supplied to the gas which is consequently raised above a critical

temperature.
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1.1 Introduction

The combustion of hydrocarbons m air is a chemical
reaction of tremendous technological and economic importance,
and is at present used very largely as a source of heat and
mechanical energy. Indeed, energy statistics released for 1971
show that petroleum fuels (which consist almost exclusively of
hydrocarbons) were responsible for more than 45% of the total
energy consumed in the United Kingdom.l

A recent report given by the Under Secretary for Trade
and Industry showed that oil companies had already invested over
£300 million in North Sea projects, and that a further £200 million
was already scheduled for expenditure mainly on oil. Furthermore,
plans have been made to spend £1500 million on oil development,
so that by 1980, the North Sea could provide one half of the supplies
and one quarter of the energy requirements of the United Kingdom.

As a result of the increase in the United Kingdom oil output,
it follows that there must also be an increase in the bulk movement
and storage of petroleum. Thus, in 1971, as much as 162 million
tons of bulk petroleum were moved throughout the United Kingdom,
of which 57 million tons were transported by road, 16 million tons
by rail and the rest by water and pipeline.! By handling such large
quantities, in particular of volatile hydrocarbons and combustible
gases, industrial organisations face the risk of explosion caused by
the accidental release of these substances, their admixture with air

and subsequent ignition. One class of such explosions, namely
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those which occur in the open air, has the potential of being very
dangerous and expensive. 2 The reason for this is simply that
larger and larger guantities of dangerous n-mteria.ls are being
handled, shipped or stored in bulk, and the chance of a large release
of fuel (as an unconfined vapour cloud) before ignition has thereby
increased tremendously. Three notable cases of unconfined vapour
cloud explosions have occurred quite recently in the United States.
In 1962, a 7,000 gallon road tanker was involved in an
accident in the town of New Berlin, New York. 3 As a result of
the accident, the tanker ruptured and released a vapour cloud
which was 80 feet deep, and covered an area of 200, 000 square
feet before it ignited. The explosion and resulting fire killed ten
people and caused $200,000 damage. The second incident occurred
in Crescent City, Illinois in 1970. ¢ A train containing ten 33, 000
gallon tank trucks was derailed in the centre of the town. The
vapour cloud explosion triggered off fire and subsequent explosions
u;hich destroyed the business section of the town, although fortunately
no fatalities were reported. The third incident, which also took
place in 1970, involved an 8-inch diameter, 40 year old pipeline,
and occurred near Port Hudson, Missouri. 5 The pipeline, which
contained liquid propane, burst at a cold stitch weld and released
550, 000 cubic feet of propane gas before ignition occurred thirteen
minutes later. It was estimated that the vapour cloud covered
approximatelyten acres when ignition occurred, but damage was

Slight owing to the isolated location of the incident.
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Although unconfined vapour cloud explosions usually have
disastrous consequences, they fortunately t_end to occur less
frequently than other types of accidental explosions, such as those
occurring in fuel tanks, machinery spaces or engine rooms in
ships and aircraft, or in chemical pl‘a.nt.

In recent years, therefore, a considerable amount of
research has been specifically concerned with the assessment of
such explosive hazards as these, and, in particular, with the
reduction of the tendency of hydrocarbon fuels to undergo spontaneous
ignition. Whilst this research has led to a far Letter understanding
of the dependence of spontaneous ignition temperature limits on the
chemistry of the combustion reactions, there have been relatively

few attempts to quantify the hazards.
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G Methods of classifying flammable and explosive
gas mixtures

In the past, several experimental techniques have been
developed which provide a means of measuring the range of
flammability and the ignition hazard of combustible gases and
liguids. These techniques have subsequently been standardised
in order that they may provide a basis for the classification of a
flammable liquid or gas from a legal standpoint, and from the point
of view of laying down codes of practice. In the following Sections,

some of these experimental techniques will be described.

1.2.1 Flammability limits

A mixture of a combustible gas or vapour and a gaseous
supporter of combustion (e.g.air) may be diluted with one of its
components, or a third component, until a limiting composition is
reached, whereupon further dilution renders the mixture incapable
of propagating a flame. For each combination of combustible gas
and supporter of combustion there exist two such limiting compositions
known as the upper and lower limits of flammability. For example,
all n-decane + air mixtures at a temperature of 100°C and in the
limiting composition range 0. 77 to 5.35 vol % n-decane, have been
shown to be ﬂammable;6 where 0.77 and 5. 35 vol % n-decane
represent the lower and upper limits of flammability respectively.

Flammability limits are usually measured using a
homogeneous, quiescent gas mixture contained in a vertical tube

of at least 5 cm. diam. and 120 ¢cm. length. The gas mixture may
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be ignited by a spark or flame introduced into the top or bottom of
the tube, causing downward or upward flame propagation respectively.
From the point of view of ignition hazard, it is generally safer to
consider the limits for upward flame propagation since these limits
are wider than those for downward flame propagation. A large
amount of data on the flammability limits of numerous combustible
gases and vapours has been collected by Coward and Jones. 6
Studies have also been made of the flammability limits of
mists and sprays. 7 In these studies, it was shown that the
flammable properties of a suspension of particles of tetrahydro-
naphthalene, of diameter less than 10 microns, was identical to that
of a vapour. However, in a suspension of particles of diameter
greater than 40 microns, the particles burnt individually. From
the point of view of explosion hazards, it is noteworthy that coarser

aerosols maintain a flame at substantially lower fuel-air ratios

than do fine aerosols or gaseous mixtures.

1.2.2 Flash points

The flash point of a flammable liquid is the temperature to
which the liquid has to be heated so that it releases sufficient vapour
to form a mixture with air which can be momentarily ignited by a
flame. Continuous burning takes place at a slightly higher
temperature, known as the 'fire point', which is the lowest
temperature at which the liquid gives off vapour at a rate great
enough to support a continuous flame, after the original flame has

been removed.
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Flash points may be measured using closed or open cup
methods. 1In principle, both methods are similar and involve
heating a prescribed volume of liquid at a standard rate in a cup of
standard dimensions. A test flame is applied to the vapour space
at given intervals of time, and the flash point is the temperature of
the liquid at which a flame is first observed to propagate through
the vapour space.

The concept of flash point was introduced into the 1862
Petroleum Act, and developed in subsequent legislation. As
recently as 1967, it has been shown that the standard methods of
determining open flash points suffer from defects of design, and
consequently their use may give misleading results. 8 Further to
this, it is shown that the open flash point is an arbitrary quantity,
which does not relate to any specific hazard. In contrast, however,
if the temperature of a liquid exceeds its closed flash point, then

the concentration of the vapour near the liquid surface exceeds the

lower flammability limit.

1.2.3 Ignition by electric sparks

Small electric sparks may be passed through a potentially
explosive gas mixture without causing ignition. However, if the
energy of this spark is increased, a threshold energy is reached
which causes the gas to ignite in the vicinity of the spark, and a
flame to propagate throughout the volume of the gas. The threshold
spark energy is a definite function of the properties of the explosive

gas mixture and of the configuration of the Spafk gap. Threshold
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spark energy determinations are usually carried out in vertical
tubes or spherical vessels, and the results show continuous limits
for the variation of threshold spark energy with composition of

the explosive gas mixture.

1.2.4 Spontaneous ignition temperature

The spontaneous ignition temperature is the temperature
to which a combustible gas mixture must be heated so as to cause
the gas to ignite in the absence of a separate ignition source, such
as a spark or flame. Spontaneous ignition temperatures are a
function of several variable parameters including the size, shape
and nature of the containing vessel or heat source, and the pressure,
composition and chemical nature of the gas mixture. Studies which
are made to assess the tendency of a gas mixture to undergo
spontaneous ignition should be carried out in large spherical vessels,
in which it has been shown that ignition takes place more readily
than in vessels of any other shape or size. 9

Spontaneous ignition in gases is accompanied by the release
of a large amount of heat and a sudden increase in the number of
molecules present. Thus, a closed reaction veésel equipped with
pressure and temperature measuring devices will provide a convenient
method of detecting whether or not spontaneous ignition is taking
place.

When the temperature of the containing vessel is below the
spontaneous ignition temperature of the gas mixture, slow combustion

reactions will take place accompanied by a slow release of heat
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which is quickly dissipated through the gas and lost at the vessel
walls. When the temperature of the reaction vessel is raised to

the spontaneous ignition temperature of the gas mixture, the rate

of heat release becomes greater than the rate of heat dissipzation,
causing self-heating of the gases and self-acceleration of the
reaction and resulting in the propagation of a flame throughout the
gas mixture.

The spontaneous ignition of a gas mixture is associated
with a finite delay time which corresponds to the extent of occurrence
of pre-ignition reactions which must take place before a flame can
propagate. This delay time decreases with increasing temperature
of the gas mixture, and thus the maximum delay time will correspond
to the minimum spontaneous ignition temperature. Since in practical
situationg, a given volume of flammable gas is usually moving
continuously, ignition of this gas volume will be subject to'it
remaining in contact with a hot surface for a time which at Jeast
equals the ignition delay.
The spontaneous ignition temperatures of a considerable

‘number of hydrocarbons and other compounds have been determined
by several workers. 10-13 In these studies, the test liquid is
normally introduced in drop form into a heated reaction chamber

or crucible, and its spontaneous ignition temperature is then
measured. Since, in some of these experiments, the ignition
chambers were small and the air or oxygen flowed at a controlled

rate through the chamber, the measured spontaneous ignition



temperatures of the compounds tested were considerably higher
than those which would be expected had the studied been made
under static conditions, and in large spherical vessels. Thus,
whilst these numerous studies provide gocd comparisons for the
relative tendencies of the compounds to undergo spontaneous
ignition, the values reported are not reliable measures of their

ignition hazard.

18
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1.3 Examples of the accidental spontaneous ignition
of hydrocarbon-air mixtures

The accidental spontaneous ignition of hydrocarbon-air
mixtures is still an all too frequent occurrence. Recently
published figures have shown that between 1967 and 1969, there
has been a 40% increase in the number of fires in oil refineries and
chemical plants. 14 Furthermore, at least 40% of the 52 fires
which occurred in oil refineries and chemical ﬁlants in 1969 were
initiated by spontaneous ignition or by hot pipes.

The large scale use of hydrocarbon fuels and lubricants in
ships presents a significant explosive hazard. Crankcase explosions
are just one example, and after such an incident in 1947, resulting
in the loss of twenty-eight lives, a comprehensive investigation was
undertaken. The results of this investigation indicated that the
occurrence of crankcase explosions is likely to be associated, in a
majority of cases, with the formation and subsequent spontaneous
ignition of a lubricating oil mist in contact with an over-heated engine
part. e In a more recent publication, one of those responsgible for
the above investigation has outlined the initiation and development of
géseous explosions in ships, considering in turn the explosive
medium, the source of ignition and the behaviour and control of

the explosion flame. go

In this paper, mention is made of a survey
of 16 serious explosions which have occurred in ships since the
Second World War. The survey showed that the cause of half the
cases was spontaneous ignition resulting from the exposure of hydro-

carbon vapours in air to high temperatures in hot spaces or near
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over-heated surfaces. Two of the cases involved crankcases.
In recent years, a considerable number of studies have
been made of the spontaneous ignition characteristics of aviation

17-24 Some of these studies have been concerned with

fuels.
aspects of safety in supersonic flight, during which skin temperatures
of Mach 3 aircraft have been reported to be as high as 250°C. This
temperature is greater by tens of degrees than the spontaneous
ignition temperature of several aviation fuels given in Table I.

Hence, if any fuel came into contact with areas of the aircraft skin

at these elevated temperatures, a flammable vapour-air mixture
might be formed and may subsequently ignite. Although only a few
examples of fire and explosive hazards have been described above,

it is clear that these have stimulated a considerable number of
investigations into the spontaneous ignition behaviour of hydrocarbon
fuels and lubricants. The results of these investigations, along

with flammability limit and flash-point values, provide some
quantitative assessment of the ignition and explosion hazards of

a particular hydrocarbon fuel. Thus, the effectiveness of a method

chosen to reduce these hazards may also be evaluated.



TABLE 1

The spontaneous ignition temperatures in air and at atmospheric

pressure of some aviation fuels.

21

Spontaneous
Fuel ignition Experimental Reference
temperature | conditions
(°C)
Jet, J.P.6. 230 200 cm® 23
spherical
vessel
2.V T.U.R. 210 18 in. diam. 22
spherical
vessel
Kerosene, SR 312 210 6 in. diam. 18
y spherical

vessel




1.4 Methods of altering the spontaneous ignition
characteristics of hydrocarbons

1.4.1 Introduction

Before considering ways in which the spontaneous ignition
characteristics of hydrocarbons may be modified, it would be
helpful to outline briefly the chemical nature of combustion reactions,
and to indicate the types of combustion phenomena which may be
observed. A comprehensive account of the chemistry of combustion
reactions will be given later.

The non-isothermal oxidation of a hydrocarbon, taking
place in a closed vessel, is accompanied by a transient pressure
change, the characteristics of which may serve to classify the
various types of combustion behaviour.

There are four classes of combustion behaviour, viz.
slow combustion - an almost isothermal phenomenon giving rise
gradually to a small pressure increase; single or multiple cool
flames - pressure fluctuations superimposed on slow combustion;
two-stage ignition - a cool flame followed by a large pressure pulse
which represents an explosive consumption of reactants; single-
stage ignition - a large pressure pulse representing explosive
reactant consumption.

Whether or not any one type of combustion behaviour will
take place depends on the ratio of hydrocarbon to oxidant, the initial
temperature and pressure of the reactants and the size, shape and

nature of the reaction vessel. The variation with temperature and

0a
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pressure of the several types of combustion behaviour form an
ignition profile, a typical example of which is given in figure 1.1,
The several types of combustion behaviour are separated by well-
defined limits and, in figure 1.1, the variation with pressure of the
spcataneous ignition temperature limit is represented by the line
ABC.

It is well understood that the oxidation of hydrocarhbons
takes place by a complex chain~branching reaction involving a
multiplicity of chain carriers. The variation with initial temperature
and pressure of the reaction rate in hydrocarbon oxidation leads to
the complex pressure-temperature ignition profile shown in figure
8y 5.

The initial conditions of temperature and pressure under
which the various types of combustion behaviour are observed may
be considerably altered both by influencing the kinetics of reactions
which lead to the formation of branching agents (typically mono-
and dihydroperoxides and peracids in hydrocarbon oxidation), and
by causing a change, relative to normal oxidation, in concentration
of the more important chain propagating species such as hydroxyl,
alkylperoxy and hydroperoxy radicals.

Limits of flammability and spontaneous ignition temperatures
of hydrocarbons in air or oxygen may be modified considerably by
the addition of chemical catalysts and by changes in the size, shape
or nature of the containing vessel. Each of these methods will be

considered individually.
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1.4.2 The nature of the vessel surface

In metal reaction vessels, the spontaneous ignition
pressure of n-heptane-air mixtures at 505°C have been found to
be considerably higher than those in vitreous vessels of a
corresponding size and shape. 49 Furthermore, the limiting
ignition pressure was found to be different for the same vessel,
depending on whether the surface of the vessel was rough or smooth.
This latter effect has also been observed with several other
hydrocarbon-air mixtures reacting in different metal vessels. 19

The effects on the combustion reactions of hydrocarbons
of coating a vitreous reaction vessel with alkali halides has been
studied by several investigators. Whereas propane and n-heptane
oxidation have been found to be unaffected by a KCl surface, 26,21
the cool flames of cyclohexane were inhibited. £ The multiplicity
of n-butane cool flames has been shown to be reduced in the presence
of MnCl,, NiCl,, CuClz, PbClz, KCl and K1 surfaces.28

Surface coatings of PhO have been found to be very effective

217,28, 29 In all these cases, the inhibition

in inhibiting cool flames.
hés been ascribed to an increase in the rate of heterogeneous
destruction by the PbO surface of the species responsible for chain
branching.

Studies made of the slow oxidation of methane in PbO-coated,
heat-treated, HF -treated and aged silica reaction vessels indicated

that the various surfaces differentially destroyed important chain

carriers, which were probably HO2 and }120230. Recent work has
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shown that the large effect which some surfaces have on the gaseous
combustion of hydrocarbon fuels may be correlated with the efficiency

i Three categories

of the surface in destroying HO2 and H202.
of surface were thus defined; the first is inefficient in the destruction
of both ]’rIO2 and I~I202 (eg. silicic acid, boric acid, phosphoric acid,
germanium dioxide and titanium dioxide), the second destroys HOq

by a diffusion-controlled process (eg. metallic oxides, and probably
hydroxides, and salts in general), and third destroys both HO9 and

H9Og by diffusion-controlled processes (eg. silver coated surface and

oxidised lead foil).

1.4.3 The extent of the vessel surface

The surface to volume ratio (S/V) of a reaction vessel is a
characteristic often used to correlate the variation with size and
shape of the vessel of the spontaneous ignition temperature of a
particular compound. Discrepancies in the reported values of
spontaneous ignition temperature of a given compound are due
frequently to differences in S/V ratios of the vessels employed by
various investigators. It has been shown, however, that by using
results obtained in several different studies a linear relationship
holds for the variation with S/V ratio of the spontancous ignition
temperatures of benzene, toluene, isooctane, n-heptane and
hexadecane. 10 A similar relationship has been shown to exist

for aviation and jet fuels.la’ 3
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Detailed studies of the combustion reactions of ten hydro-
carbons in a number of different quartz reaction vessels have shown
that the main effects of increasing S/V ratio are that: (a) reactions
are inhibited in the earliest stages, but promoted in the subsequent
stages; (b) ignition is strongly inhibited; (c) the tendency for ignition
to occur with explosive violence decreases. 33 It is suggested that
inhibition in the early stages of reaction is due to chemisorption of
OH and HO4 radicals on the Iieaction vessel surface. This continues
until all the active sites have been hydroxylated through chemisorption;
promotion then results as a result of hydrogen bonding between surface
hydroxyl groups and R()2 radicals, leading to the decompositicn of
RO, radicals to more reactive RO radicals. The striking inhibition
of ignition is thought to be due mainly to the destruction of hydrogen
atoms on both active and hydroxylated sites. 'The decrease in
explosive tendency of ignition is attributed to: (a) an increase in the
rate of termination processes taking place at the surface; (b) a
greater loss of heat to the surface; and (c) the availability of smaller
amounts of unconsumed reactants at the instant of ignition.

In a more recent investigation, the spontaneous ignition of
kerosene was measured as a function of S/V ratio which was varied
by changing the number of steel inserts in a steel reaction vessel. >4
Although, at 250°C, there is a discontinuity in the slope of this
function, the results are believed to indicate that the risk of
spontaneous ignition in, for example, an aircraft fuel tank would

be reduced by inserting a metal honeycomb in order to increase the
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S/V ratio. More recently, it has been shown that this conclusion

is not necessarily correct. 35

The explanation for this is connected
with the existence in hydrocarbon oxidation of a region of negative
temperature coefficient in the rate of heat release curve. This
region gives rise to an inflection in the curve corresponding to the
discontinuity which was observed during the kerosene investigation.
For a given initial temperature, the S/V ratio of the reaction vessel
may be increased, until a theoretical steady-state temperature is
attained near the point of inflection on the rate of heat release curve.
In practice however, by the time that this steady-state temperature
has been atiained, the radical concentration is far in excess of its
equilibrium value, and two-stage ignition occurs.

It was further suggested35 that an ignition region such as
the one described above, exists at higher values of the S/V ratio
than that at which the discontinuity appeared in the kerosene investi-
gation.

Studies have been made of the ignitability of n-heptane-air
mixtures in a wide variety of packed and unpacked vitreous reaction

vessels. 25,36

The variation with S/V ratio of the limiting ignition
pressure was shown to be represented by a straight line which for
unpacked vessels passed through the origin. However, the values of
the limiting ignition pressure for packed vessels were found to be

considerably lower than would be expected simply on the basis of
the S/V ratio.
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In an attempt to correlate the results for packed vessels
with those for unpacked vessels, calculations were made of the

&5, 301 of was

average distance of a molecule from the surface.
shown that the limiting pressure for ignition varied almost linearly
with the reciprocal of this average distance for all the vessels,

thus providing a far better means of correlation than the S/V ratio.

1.4.4 The effects of incorporating a second fuel
component (fuel blending)

A hydrocarbon fuel normally consists of a mixture of
hydrocarbons, each of which has its own ignition tendency.

A useful indication of the fire hazard of a fuel may be given
by its flash point. Since flash points are generally inversely
proportional to volatility, it might be expected that the flash point
of a hydrocarbon fuel will be similar to that of its most volatile
component. This is likely to be the caseb if the volatile component
is present in the mixture in concentrations high enough to permit
the release of vapour sufficient to form a flammable mixture. The
addition of a very volatile liquid to a liquid of low volatility has a
diéproportionately large effect in lowering the {lash point of the
mixture. For example, the flash point of gas oil may be lowered
from 69°C to ca. 3°C by the addition of as little as 3% motor
gasoline. Thus, the flash point of a fuel mixture méy be suitably
adjusted by careful fuel blending.

Measurements have been made of the spontaneous ignition

temperature of n-dodecane containing 5 mole % of various additives. 13
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It was shown that although benzene, toluene and the xylenes in
particular have a negligible effect on the spontaneous ignition
temperature of n-dodecane, hexamethylbenzene raises this
temperature from 232 to 246°C.

Recent studies have shown that the ignition tendencies of
binary mixtures of hydrocarbons are, in general, influenced far
more by the more readily ignitéble component. i Moreover,
studies made close to the lowest ignition temperature of the components
have revealed that the ignition behaviour of the mixture is controlled
largely by the preflame combustion reactions. In some cases, for
example, with mixtures of alkanes and alkenes, the preflame activity
is increased by a strong interaction between the components. When
this occurs, the ignition tendency of the mixture is greatly increased,
and is indeed sometimes greater than that of the more readily
.ignitable component. The ignition tendency of the mixture whose
components display similar preflame and ignition behaviour has been
shown to be similar to that of its components. In general, the
ignition tendency of mixtures, with the exception of those in which
preflame interaction occurs, has been found to be intermediate
between those of the components, and proportional to their relative
concentrations.

Similar studies have been made at 750°C where it can be
shown that the ignitability of the mixture is influenced to a greater
extent by the more readily ignitable component than is observed at

temperatures close to the minimum ignition temperature. Some
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oxidative degredation of alkanes is known to take place at 750°C,

resulting in the formation of alkenes. 37

On account of this,
mixtures such as those of an alkane and an aromatic hydrocarbon
exhibit enhanced preflame activity resulting in the mixture being
more readily ignitible than either of its components.

Detailed studies of the spontaneous ignition of mixtures of
n-heptane and 1-heptene in oxygen have shown that below ca. 300°C,
where 1-heptene is considerably less reactive than n-heptane, the
alkene is not involved in the cool flame process leading to ignition,
and that the ignitability of the mixture is controlled effectively by
the concentration of the alkane. oo In faect, partial replacement of
the alkane by the zilkene retards the cool flame stage of oxidation
more effectively than does replacement of the alkane by an inert
gas. Above SOOOC, however, 1-heptene was found to be at least as
ignitable as n-heptane and the alkene appears to contribute to the
process leading to ignition. Under all conditions investigated, both
hydrocarbons are consumed during ignition.

This dual inhibiting and promoting role of alkenes has also
been observed in studies of the effects of several alkenes on the
two-stage ignition of cyclohexane and n-heptane in a vertical flow

reactor. 39
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1.4.5 The influence of gaseous additives on the ignition and
explosion tendencies of hydrocarbon-air mixtures

1.4.5.1 Tnert gases

The addition to a flammable gas mixture of increasing
amounts of a chemically inert substance causes the limits of
flammability of the mixture to approach, and ultimately to meet.
Examples of such inert substances, listed in decreasing order of
effectiveness, are carbon dioxide, helium, nitrogen and argon.
Helium, on account of its high thermal conductivity has an extinction
capacity which increases more markedly with decreasing vessel
dimensions than does that of other gases. 40

From cur’;(es constructed to show the effect of an inert
diluent on the limits of a flammable gas in air, it is easy to deduce
both the maximum and minimum percentages of oxygen necessary to
support inflammation, and the minimum percentage of inert diluent
which must be mixed with a combustible gas to prevent flame
propagation. A graphical method has been devised for the deduction
of such conclusions.41

Inert gases are used extensively during cleaning, loading
and discharging operations in the cargo tanks of crude oil carriers.
Since it is not essential that pure nitrogen or carbon dioxide be used
as the inerting medium, then usually scrubbed flue gas is taken from
oil-fired boilers and its composition is considered adequate to meet

the limiting oxygen figure. The composition by volume of a flue

gas after reasonably efficient combustion and scrubbing is approxi-
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mately:
Carbon dioxide 1 2.0 -14.5%
Oxygen 2.5- 4.5%
Sulphur dioxide 0.02 -0.03 %
Nitrogen About ™ %
Remainder Water vapour and solids.

Pure carbon dioxide or nitrogen, supplied from refrigerated
bottles, is sometimes used as an inerting medium in special circum-
stances, such as on liquefied petroleum gas and liquid methane
carriers.

- Recent studies of the high temperature spontaneous ignition
of n-heptane-oxygen mixtures, have shown that additions of nitro gen
or helium to these mixtures have a promoting influence on ignition. 25,36
However, for a molar nitrogen: oxygen ratio of greater than 6. 5, the
limiting ignition pressure varies but little. This promot ting influence
on ignition by the addition of inert gases has been found to be lless
pronounced in larger reaction vessels (up to 2 1).

For a given hydrocarbon, the pressure range within which
the limiting profiles of cool flames and two-stage ignitions lie, is
much greater for oxidation of the hydrocarbon in air than in oxygen.
Nevertheless, the cool flames of hydrocarbons in air and in oxygen

are essentially similar phenomena. 11

The addition of chemically reactive substances

1.4.5.2 Metal alkyls

The occurrence of 'knock' in a spark-ignition engine limits

both the power output and the economy of the engine. In a recent
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investigation 'knock' has been shown to arise from spontaneous
ignition in the last part of the unburnt charge rather than as a result
of flame acceleration. -5

The tremendously effective anti-knock properties of
tetraethyl lead were discovered in ca. 1918, and its use as an
anti-knock in the spark-ignition engine has continued to the present
day. As a result of a series of very detailed studies, Walsh and

his co—v.rc;11'1:cers43-47

have concluded that tetraethyl lead exerts its
anti-knock influence on the second stage of two-stage ignition by
forming a 'fog' of solid particles of lead monoxide, the surface of
which is particularly effective in destroying hydrogen peroxide.
Many of the observations made during these experiments were
confirmed under engine conditions.

Another important line of work undertaken by Norrish
etal. has thrown some doubt on the conclusion that a fog of
solid particles is involved. This work suggested that tetraethyl
lead increases the delay period for the growth of hydroxyl radical
concentrations, and it was therefore proposed that, even under
engine conditions, tetraethyl lead acts as an anti-knock via a
homogeneous mechanism involving gaseous lead atoms. This
suggested mechanism was later modified and the following alternative
mechanism was proposed: ha

PbO + OH — PbO(OH)

followed by

PbO(OH)+ OH —— PbO, + HyO
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and by the reduction of Pb02 back to PbO via
PbOg + R—— PbO + RO

Walsh et al. have questioned the relevance of this
mechanism on the grounds that the results were obtained from
experiments which were not representative of engine conditions.

Recent studies have shown that the addition of diethyl
mercury, tetraethyl lead, tetraethy! tin and tetramethyl germane
to n-heptane-oxygen mixture have a negligible effect on cool flame

phenomena. o

1.4.5.3 Halogen compounds

Halogen compounds inhibit reactions taking place in many
oxygen-supported flames, and bromine compounds are especially
effective in this respect.

The flammability limits of several hydrocarbon-air mixtures
have been shown to be narrowed, and ultimately to meet, on addition

of increasing amounts of methyl bromide. e

Mixed organo-
halogen compounds and carbon tetrachloride have also been found
to be effective in nafrowing flammability limits. For example,
the addition of as little as 0. 5% bromochloromethane to n-hexane-air
mixtures reduced the upper flz-tmmability limit from 6.7 to 5. 0%. 2y
Furthermore, n-hexane-air mixtures are rendered non-flammable
by the addition of 6.35% bromochloromethane or 13.0%

54,56 '

dichlorodiflouromethane.

Flame speeds in methane-air mixtures are reduced by the
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addition of dibromodifluoromethane or trifluorobromomethane, and
it has been shown that, as in other studies, °° the effectiveness of
these additives is essentially the same as that of an equivalent amount
of bromine which is chemically incorporated into the additive. o
Thus, it was suggested that the chemically bound bromine in the
additive is released by decomposition or oxidation before it can act
effectively as an inhibitor. The inhibiting effect of trifluorobromo-
methane was however found to be greater than the equivalent amount
of bromine, and it was concluded that, in this case, the CF3 radical
contributes in some way towards inhibition. The mechanism by
which inhibition takes place was thought to involve the removal by
a hydrogen halide o 16 chain-propagating radicals, viz:

R+ HX—X + RH
where R represents H or O atoms or OH or CH3 radicals.

Studies have also been made of the effects of hydrogen
bromide and several bromomethanes on the slow oxidation and
spontaneous ignition of various hydrocarbons, formaldehyde,
acetaldehyde, isopropyl alcohol and diethyl ether. %8  The results
of these studies show that whereas hydrogen bromide exerts a
marked, usually promoting, influence on the slow oxidation and
spontaneous ignition of all the fuels studied, the bromomethanes
have a weil -defined effect as additives only when oxidation of the
fuel takes place above ca. 250°C. Furthermore, when the organic
bromine compounds do exert an appreciable influence on combustion,

their effect is qualitatively similar to that of hydrogen bromide.



On account of this, it was suggested that the bromomethanes
themselves do not appfeciably affect the slow combustion or
spontaneous ignition of the fuels studied, and that it is only their
oxidation or pyrolysis products, presumably bromine or hydrogen
bromide, which exert a well-defined influence., In this study, it
was found that methane and formaldehyde were the only fuels,
certain stages of the oxidation of which were retarded by hydrogen
bromide. Retardation was thought to result from a reduction as
a result of the reaction:
OH + HBr —-»-Hzo + Br

in the number of OH radicals which take part in the branching
sequence:

+HCHO +O2 CH,

CHO: =—=HO > 1,0 ,~—=20H

OH
2 orHCHO 2 2

It was suggested that this scheme bears a close chemical
relation to the reactions by which bromine compounds exert a
retarding influence on oxygen-supported flames. In agreement
with this are the results of studies made elsewhere, which have
been discussed earlier. -

Both saturated and unsaturated halogen compounds have
been shown to promote cool flames and two-stage ignition in

cyclohexane and n-heptane. #9
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1.4.5.4 Nitrogen compounds

In 1918, Kettering, Midgley and Boyd discovered, more
by accident than design, that aniline and its derivatives were
effective 'anti-knocks'. The effectiveness relative to benzene
of benzene derivatives as 'anti-knocks' can indeed be correlated
with the expected activating and de-activating effects of the side
chains on the electron density of the benzene ring. 2= Studies of
the 'anti-knock' action of aromatic amines have shown that all the
anilines in which both hydrogen atoms of the -NHq group are
replaced by alkyl groups have no effect on the tendency of a fuel
to 'knock'. 60 Conversely, tertiary aromatic amines were found
to be more effective inhibitors of non-engine combustion than were
less highly N-substituted amines. ol

Aliphatic amines also possess exceptional inhibiting
properties. Studies of the inhibition of the slow gaseous oxidation
of acetaldehyde by aliphatic amines have shown that, as with aromatic
amines, the secondary and tertiary bases are considerably more
effective than the primary amines. % Furthermore, with primary and
tertiary amines, the induction periods have been shown to be directly
proportional to the pressure of the inhibitor, whereas with secondary
amines, the induction periods are proportional to the square of the
inhibitor pressure.

Two alternative explanations were proposed to account for
the inhibiting influence of the amines. One involved homogeneous

stabilization of acetyl radicals, and the other involved suppression
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of chain initiation at the walls.

Similar studies have been made of the influence of aliphatic
amines on the explosive oxidation of acetaldehyde. 63 1n these
studies, it was shown that, generally speaking, the inhibiting power
of the amines decreased in the order secondary, tertiary, primary,
and that in all the systems studied, the length of the induction periad
preceding explosion was directly proportional to the pressure of the
inhibitor.

Recently, a detailed investigation has been made of the
influence of both aromatic and aliphatic amines on the spontaneous
ignition of mixtures of n-heptane + air. 64 It has been shown that
the addition of small quantities of primary and secondary amines
reduced considerably the ignitability of n-heptane-air mixtures, the
most effective additive being dimethylamine. The inhibiting role
of the primary amines was thought to be twofold. Firstly, a
condensation reaction with acetaldehyde competes with the oxidation
of the aldehyde, the latter reaction being responsible for the

formation of the branching agent, viz:

CzHEI\IH2 + CHgCHO CZH5N = CHCHg +H,0.
Secondly, a subsequent hydrogen abstraction from the imine leads
to a resonance-stabilised radical which is unable to propagate
effectively the reaction chain, viz:

ROg + CH3CHyN = CHCH,, —

3
CH_CHN = CHCH3 + ROOH

o
CH,CH = NCHCH;.
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Tertiary amines were however found to have little influence
on the induction period preceding a cool flame, and also to promote
two-stage ignition. This latter effect was thought to be the result of
the rapid oxidation of tertiary amines in the cool flame itself. Thus,
at the temperatures attained in the cool flame (greater than 250°C)
the oxidation products of triethylamine will include large amounts of
acetaldehyde, resulting in a corresponding increase in the rate of
subsequent chain-branching. Similarly, primary and secondary
amines have been found to retard both cool flames and two-stage
ignitions in cyclohexane and n-heptane, whereas trimethylamine
exerts a marked promoting effect. 39

Oxides of nitrogen have also been reported to have a dual '
(promoting and inhibiting) effect on gaseous oxidation reactions.

The addition of nitrogen dioxide to mixtures of diethyl ether has
been shown to raise the limiting pressure necessary for cool flame
propagation, and at the same time to lower the limiting pressure
for two-stage ignition. 65 A point is reached where the two limits
merge, and a further increase in the concentration of the additive
raises the limiting pressure for two-stage ignition. It was concluded,
therefore, that nitrogen dioxide inhibits reactions leading to the
formation of a cool flame, but during the propagation of a cool flame
it promotes reactions which are responsible for the occurrence of
two-stage, hot ignition. This effect was explained by assuming that
at low temperatures, a molecule of nitrogen dioxide acts as a free
radical and tends to combine with other free radicals to form a

relatively stable complex, (NO,) R.
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However, the inhibiting effect of nitrogen dioxide on the
oxidation of acetaldehyde has been ascribed to the reaction between
acetaldehyde and nitrogen dioxide to form nitric oxide: ge

CH3CHO + NOg ——=CHaCO + HNOy

The nitric oxide then combines with the acetyl radical, normally
the chain initiator, to form the stable compound CHSCONO:

CH3CO + NO — CHyCONO.
Although the suggested mechanisms for inhibition described above
involve either nitrogen dioxide or nitric oxide as the inhibiting
species, the ignition limits of methane + oxygen mixtures have been
shown to be affected equally by either additive present in low

concentration. 67, 68
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1.5 Phenomena observed in hydrocarbon combustion

The several types of non-isothermal combustion phenomena
have been described earlier (Section 1.4.1) and a simplified ignition
profile giving the variation with the initial temperature and pressure
of these types of combustion behaviour is shown in figure 1.1, 1In
practice, however, the complex variation with initial temperature and
pressure of the rate of hydrocarbon oxidation leads to the appearance
of fine structure, or 'lobes', on the two-stage ignition limit. With
low molecular weight hydrocarbons, these lobes are usually reflected
on the spontaneous ignition limit profile (figure 1.2). These lobes
have been associated with changes in the mechanism of cool flame
propagation, and have been assigned Ly, Ly and Ly mechanisms

respectively with increasing temperature. 69

In particular, these
mechanisms were thought to involve the variation with temperature
of the ease of different modes of alkylperoxy radical isomerisation.
The molecular structure of the hydrocarbon is thought to influence
the appearance of the lobes. A recent theory accounts for this
effect, and an additional lobe found for the oxidation of 2-methylpentane
has been designated Lo. L

The propagation of a cool flame through a fuel -oxidant

mixture occurs after a finite induction period, 7., following the

1,
introduction of the reactants into the reaction vessel. For a given

hydrocarbon, the induction period varies with initial temperature,

T,, and pressure, P_, and at a constant temperature, the variation

0’

with P, of 74 follows the relationship:
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Ty = kPO'-n + C
where k , nand Care constants. This equation has been shown
to hold both at low and high pressures in the oxidation of
2-methylpentane, n-heptane and isooctane. 3-13 Values of n have
been calculated from the logarithmic variation of T; with P o’ and
these values have been shown to vary with initial temperature in
such a way that they reflect the lobes of the two-stage ignition

71,73

profile. The values of n lie in the range 0.3 to 3.0 for the

above hydrocarbons, and it has been suggested that these values
represent the effective order of reaction. 15

At constant pressure, an Arrhenius relationship holds
between T; and initial temperature, and from the variation with
reciprocal temperature of 7T 1 the effective activation energy,
Eqps of the reaction has been calculated. 73 It has been shown
that a linear relationship holds between the octane number of a
hydrocarbon and the effective activation energy pertaining to the
low temperature region of the ignition profile. 4

In a recent study of the oxidation of n-pentane, plots of

1/ TI vs 1/T exhibited distinct changes in slope, and therefore

to changes in effective activation energy, at temperatures corres-
ponding to a changeover from a region of multiple cool flames to a
one cool-flame region. However, the large number of reactions
co-existing in hydrocarbon oxidation precluded any correlation of

these activation energies with any particular chemical process. 75

The variation of 7 1 With 1/T0 has also been reported to be non-



45

linear for the oxidation of n-heptane and isooctane at high pressures 7 3

The induction period for two-stage ignition, Tig’ is taken
as the time between the pressure maximum for the cool flame and
the pressure maximum corresponding to the second stage hot ignition.
At high pressures, for isooctane, the variation of Tig with P':J follows
a similar power law relationship as was shown to hold for T 1’ =
viz:

Tig =KP 0'“ig +C

In this relationship, the values of nig fluctuated with increase in
temperature, but the maximum and minimum values did not correspond
either with the lobes on the two-stage ignition profile, or with the
values of n associated with T 1° Thus it was proposed that a better
kinetic characteristic of the preflame process of ignition would be a
parameter such as the rate of pressure rise in the cool flame.
Indeed, it has recently been shown’?6 that the cool flame in two-stage
ignition has a controlling influence on the second stage. Consequently,
the variation of Tig with the total pressure change accompanying
the cool flame, API, has shown to follow a power relationship

of the form:

3 -m
"l"ig = BAPI
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1.6 The chemical mechanism of hydrocrabon
oxidation

1.6.1 Introduction

It is generally agreed that the gaseous oxidation of hydro-
carbons proceeds via a complicated chain mechanism involving
degenerate branching. L

Known phenomena such as the negative temperature
coefficient of reaction rate and the occurrence of single and multiple
cool flames, indicate that the mechanism changes substantially
with temperature.

The following sections are intended to outline only the
salient features of the mechanism of hydrocarbon oxidation. For
convenience, separate sections are included on the probable chain

initiation, chain propagation, chain branching and chain termination

steps believed to be involved in the gaseous oxidation of alkanes.

1.6.2 Chain initiation

Chain initiation (reaction (1) ) involves the abstraction of a
hydrogen atom from the alkane by molecular oxygen, 8 viz:

CnHzn 49 + Oy —=> CnHZn +i + HO, (1)
Since the activation energy for this reaction is estimated to be 45
to 50 kecal. mole'l, the reaction proceeds relat.ively slowly and
selectively. The ease with which the C - H bond is broken decreases

in the order tertiary)secondaryYprimary.
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1.6.3 Chain propagation

A simplified scheme for chain propagation is given below:

CnHons1 + Oy == CHy, 100" (2)
énH2n00H Sty products + OH (4)

Reaction (2) is believed to be important at low temperatures ( 300°C),
and requires virtually no activation energy. (e At higher temperatures
(>400°C) however, reaction (6):

CpoHop 1 + Og—> C Ho + HOz. E =17-10 kcal. mole™! (6)
may compete effectively with reaction (2), the initial collision complex
CnH211 +102 breaking down almost immediately to give an HO, radical
and an alkene.

Reaction (3) represents the isomerisation of an alkylperoxy
radical, this process involving usually the internal abstraction of a
hydrogen atom and the formation of an O - H bond incorporating the
outer oxygen atom of the peroxy group.

The alkylhydroperoxy radical formed in reaction (3) may
then decompose by reaction (4) and give rise to ketones, aldehydes

or O-heterocycles (depending on the molecular structure of the

radical) together with an OH radical. Reaction (7):
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C,,H,, O0H + Oy ——> 0OC_H, OOH )
involving addition of oxygen to the alkylhydroperoxy radical, may
however compete with reaction (4); this is particularly likely to
occur with & -alkylhydroperoxy radicals. €0

The abstraction of a hydrogen afom from the alkane by an
OH radical (reaction (5) ), which completes the linear chain, requires
a low activation energy (E = 1-2 kcal. mole"l). 81

Reactions (3) and (4) in this primary chain cycle have been
shown to account for the formation of numerous products resulting

from the gaseous oxidation of a wide variety of hydrocarbons. 80, 82-87

Reactions (8) to (13):

CyHyy + HOy ———> (- C H, OOH (8)
O - C_ H, OOH + Oy—> 0OC,H, OOH 9)
00C,Hy, OOH + HO,—> HOOC, Hy, OOH + O (10)
HOOC H, OOH ——> ketone + 20H (11)
Colloneg + OB sy Cnflonst 3 B0 (12)
Cyllgpy + Oy ——> C,Hy, + HO, (13)

have beenproposed as an alternative chain cycle. 88 This involves

the addition of HO, radicals to alkenes (both of which are formed in
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reaction (6) ) to give « -hydroperoxyalkyl radicals, which is believed
to be an important chain-propagating reaction of the HO, radical

in the temperature range 300 to 400°C. 88

1.6.4 Degenerate chain-branching

Degenerate chain branching accounts for the autocatalytic
nature of hydrocarbon oxidation. In the oxidation of alkanes, such
reactions have frequently been postulated to involve the thermal
decomposition of peroxides. Monohydro peroxides may be formed
by reaction (16):

CnH2n+IOd + CpHonpg — CpHy,,OOH + C Hy 'y (16)
in competition with reaction (3), and may then decompose by
reaction (17):

CyHy, ,;OOH ———> C_H, 0 + OH (1)

to give an alkoxy radical and a hydroxyl radical. The activation

energy of this reaction is at least 35 kcal. mole™l,

When there
are sufficiently labile hydrogen atoms present (eg. in aldehydes),
reaction (18):

CnH2n+100 + AH % CnHZIH-IOOH + A (1 8)
may be more important than reaction (16).

Dihydroperoxyalkyl radicals may be formed by reaction
(19):
OOC H, OOH + CnHZn 49 i HOOCnH2n00H + CnHzn;l (19)
or by a reaction similar to (18), occurring in competition with

reaction (10). Dihydroperoxides may decompose in reaction (20):
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HOOCnHznOOH —> carbonyl compounds + 20H (20)
by homolysis of both O - O bonds, giving carbonyl compounds and
two OH radicals.
Hydrogen peroxide may be formed in reaction (21):
HOp + Collonyg — H305 + CiHy &4

and subsequently decomposed in reaction (22) :

Hy0, + M > 20H + M (22)
with the aid of a second body to give two hydroxyl radicals.
Reaction (22) requires an activation energy of ca. 45 kcal. mole'l,
and therefore probably becomes important at higher temperatures.
As the oxidation proceeds, chain branching may occur as a
result of the astraction by molecular oxygen of a labile hydrogen
atom from an intermediate oxidation product, such as an aldehyde, 90, 91
CyHyp,1CHO + Oy ——> C Hy ;€O + HO, (23)
As the temperature is raised, reaction (23) may well become

more important than reaction (17). "

1.6.5 Chain termination

Termination of radical chains may occur both by homogeneous
radical-radical reactions (24) - (26):

2n+
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or by the destruction of chain propagating species at the walls.
When the difference between the kinetic coefficient of
chain-branching and chain-termination (the net branching factor, ¢ )
is zero, the overall reaction rate will be in a critical "pseudo"
steady state. When ¢ attains a small positive value, the overall
rate of reaction increases exponentially, liberating heat which tends
further to accelerate the reaction often ultimately resulting in a
chain-thermal ignition. This sequence gives rise, in the lower
temperature region of the ignition profile, to a cool flame, and

in the high temperature region to a single-stage ignition.

1.6.6 The variation with temperature of the mechanism

of hydrocarbon oxidation

Lobes occurring on the two-stage ignition profile of alkanes
have been designated L1 to ]L..:3 with increase in temperaturesg. The
existence of lobes is probably associated with changes in the mechanism
of oxidation, and their appearance is thought to be influenced to a
considerable extent by the chemical structure of the alkanqu. Two
principal theories have been proposed to account for the lobes, one
of which is based on changes with temperature in the nature of the
chain-propagating rea.ctit;:rns80 and the other on changes in the nature

of the chain-branching reactions.

Alkylperoxy radical isomerization theory

On the basis of reaction rate data, Fish pz'opcosed80 that
the predominant mode of alkylperoxy radical isomerization varied

with temperature, and that there was a correlation between each lobe



in the two-stage ignition profile and a particular mode of isomerization.
Thus, thermodynamic considerations of alkylperoxy radical isomeri-
zation (reaction 3) and of hydroperoxy alkyl radical decomposition
(reaction 4) suggest that 1:6 H-atom transfer should predominate at
low temperatures and therefore be responsible for lobe Ll’ and that
1:5 and 1:4 (together with 1:n where n is greater than 6) H-atom transfer
should be responsible for lobes L2 and L3 respectively.

On the assumption that the molecular structure of an
alkane influences the ease with which a particular H-atom transfer
can take place, Fish used his theory to predict the number of lobes
which should exist for various alkanes. There was for many systems
good agreement between the predicted number of lobes and the number
observed experimentally, although it was later shcztwn92 that the
predictions were not always correct.

Changes in the nature of the chain-branching reactions

Lucquin 1:nroposed70 that the degenerate chain-branching

agent changes between lobes L1 and L., and that two other lobes L

2!
(lowest temperature lobe) and L3 are special cases of L1 and Lz

0 -

respectively. Lobe L1 was shown to be associated with reactions

(27) and (28)

R02 —+=AH + OH 27
RO, +AH —RO,H + A (28)
degenerate
branching.

where AH is a compound, such as an aldehyde, which contains a



hydrogen atom more readily abstracted than those in the parent
alkane.

Lobe LO is found only for alkanes containing a weak
tertiary C-H bond, or may be induced with other alkanes by the
addition of hydrogen bromide. The L0 mechanism is thought to
be associated with reactions similar to (27) and (28), but where an
alkane containing a tertiary C-H bond replaces AH in reaction (27).

The L2 mechanism is believed to involve reactions (27)

and (29)
RO2 —+AH + OH (217)
AH + 02 —-AOzH (29)
degenerate
branching

in which AH is probably an aldehyde. The magnitude of lobe L2
is sensitive to the partial pressure of oxygen, and does not favour
cool-flame multiplicity for the alkanes studied (propane, butane,
pentane isomers, 2-methyl pentane).

Lobe L3 is thought to be associated with reactions

analogous to (27) and (29), where AH is formaldehyde.
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307 Thermal ignition theory

1.7.1 Introduction

It was shown in the previous Section that the spontaneous
ignition of an alkane-oxidant mixture can occur when the net
branching factor attains a small positive value. It is, however,
also possible to predict spontaneous ignition temperature limits
on the basis of purely thermal considerations of the combustion
processes.

As heat is generated by an exothermic reaction, so too is
it dissipated from the reaction zone by conductive, convective and
radiative heat transfer, and hence lost to the surroundings. When
the ambient temperature of the reacting medium is such that the
rates of heat generation and heat loss are equal, a critical steady
state will result. Steady states are also obtained at lower ambient
temperatures, but they are not critical. The critical steady state
will be characterised by a maximum temperature rise above ambient
in the reacting medium. If the ambient temperature is raised, the
rate of heat generation will exceed the rate of heat loss and the rate
of reaction will, due to self-heating, increase exponentially
resulting in ignition.

This concept was first observed by vant Hoff>S

in 1884,
and the first mathematical representation of the critical conditions

was formulated by Semenov some forty years later. 94
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1.7.2 Thermal ignition theory according to Semenov

This treatment neglects reactant consumption, so that the
rate of heat release, q , from an nth order reaction of exothermicity,
Q cal. /unit mass, will be given by:

q4 =QVp Aexp (-E/RT)C_" (Lr5
where.V is the volume, p the density and C o the initial concentration
of the reactants, which have self-heated to a uniform temperature,

T. Other symbols have their usual significance.

The temperature of the surroundings, To’ is assumed to be
uniform over its surface area, S, and the rate of loss of heat, dy;
from the reactants to the surroundings is given by:

da = XX -T,)8 (1.7.2)
where X (cal. ,sec'1 unit area“l) is the heat transfer coefficient.

Figure 1.3 shows three conditions for q; and two conditions
for qq as functions of the temperature. Curves a, b and ¢ represent
heat release rates corresponding to different initial concentrations
of reactant, and heat loss lines I and II correspond to reaction
vessels of different surface area.

For a steady or stationary state to be possible, Qg must
intersect dq5 and ignition would clearly always result if heat were
lost according to line I.  There are, however, three possible
consequences of heat being lost according to line I; these are

(i) Stationary state

Heat is generated according to curve ¢, and causes the

reactant to self-heat {o a temperature, Ty, which is a stable
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temperature cc;rresponding to a stationary state. If under these
conditions the reactant temperature rises abhove Tl’ it will soon
cool again to this temperature.

The temperature, Ty, at which 'c' and I intersect again,
is not stable since, if the temperature rises, ignition will result,
or if the temperature falls, the system will cool to T, .

1

(i) Explosive state

Heat generated according to curve 'a' will be greater
than the heat lost by line I at all temperatures. Thus, a stationary

state is not possible and ignition will always result.

(iii) The critical state

If heat is generated according to curve b, the reactants will
self-heat to a critical temperature, Tcr’ where the curve 'b' and
line I are tangential. If this critical stationary state were perturbed,
causing the temperature to rise fractionally, ignition would occur.
The maximum pre-ignition temperature rise under these conditions
is therefore Tcn' To'

At the point of tangency,

ql — qZ (1 WS 3)
ar . ar

By expressing equations (1.7.3) and (1. 7. 4) in terms of equations

(1.7.1) and (1.7.2), and eliminating S between them, the critical
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temperature rise will be given as:

Ll =RT 2/
P de ST - =BT 2/

2 =
or RTcr - Tcr+ T0 = 0
E

and therefore,

=
e 1T (1 - 4RT_/E)? (1.7.5)
%R /E

Examination of equation (1.7.5) reveals that an explosion is possible
only when O<T_ £ E/4R. If solutions with the positive sign of the
terms under the square root are considered, values of Top Will lie.'

in the range E/2R - <E/R. Clearly, the maximum value for
T, Will be very high (15.0 x 108 %k for E = 30 keal. mole'l), and

at these very high temperatures no stationary state is possible and
explosion always occurs. Therefore, it is only necessary to consider

the solutions with the negative sign of the terms under the square root

1o

and these are best obtained in a general form by expanding (1 -4RTO/E)

of equation (1.7.5) into a binomial series, viz:

5
p o L-(-RTo/E)? 2 RT,/E) + 2 RTo/E)% + 4 RT,/E) + ...
cr - 2R /E 2R /E
For RT /E <0.05, terms of the series greater than Z(RTO/E)2 may

be neglected, thus introducing only a 0.05% error in the measured
value of T,.. Thus, for a given reaction, the maximum critical

temperature, T e for a stationary solution may be calculated from
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the ambient temperature by:

2
Top~ T, + RT,“/E (1.7.6)

or ATr & RToz/E (1.%.7)

At the critical stationary state condition, equation (1.7.4)
gives:

E__ QVpAexp (-E/RT)C," = XS (1.7.8)

RT:r

By making use of the result in equation (1.7.7) and of the approximation:

1 1 G - RN ¢ SO )

s TeaT s R

Semenov has obtained a relation between the critical pressure, P -

of the gas and the temperature, T,, which is given as:

EQVepAexp (-E/RT,) P_ M

= XS (1.7.9)
n+2
R T,
which may be rearranged to give:
n n+2 a
in [Pcr / i :l = (E/RTO) + constant (1.7.10)

where the constant = In (RXS /EQVApe). Thus, the variation with
reciprocal temperature of In (P crn/Tomz) should be a straight
line of slope E/R. Whilst this relationship has been shown to hold

at high temperatures and low pressures for many gaseous explosions,
in some cases the plots are found to curve at high pressures. This

curvature was observed, for example, with azomethane and was
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thought to be due to the variation with temperature of the activation
energy of the pre-explosion process. 9

Semenov, in setting the heat transfer to the walls as:

gy = X(T-TO)S

assumed that the heat is transferred by convection. However,
Semenov's assumption that the gaseous reactant temperature is
uniform throughout the vessel and that all the resistance to heat
transfer occurs at the wall of the vessel, does not represent the
physical conditions existing in the reactants. At pressures less
than atmospheric and for small pre-explosion temperature rises,
the heat transfer process is very nearly that of conduction.
Consequently, there will be a spatial temperature distribution across
the reactant. Frank~Kamenetskiigs was the first to introduce into

the theory of thermal self-ignition, heat transfer by conduction

rather than convection.

1.7.3 Thermal explosion theory as derived by Frank-Kamenetskii

Frank-Kamenetskii made use of the stationary form of the
equation of heat conductance with continuously distributed sources of
heat, viz:

AWWAT + 4 =0 (1.7.11)
where the dependence on temperature, T, of the thermal conductivity,

96 In this equation, V 2 is the Laplace

A, has been neglected.
operator and q is the rate of heat release which, for a chemical

reaction obeying the Arrhenius Law, is given by:
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q = QAexp (-E/RT) e (1.7.12)
The solution resulting from the integration of equation
(1.7.11) under the boundary condition:
=T
at the wall of the vessel, gives the stationary temperature distribution
in the reacting mixture, and the condition under which such a
stationary solution becomes impossible is in fact the critical
condition for ignition.On account of the Arrhenius term, equation
(1.7.11) cannot be integrated as it stands, and Frank-Kamenetskii
introduced an exponential approximation for this term given as:
exp(-E/RT) = exp(-E/RT,) exp( E(T-T)/RT 2 ) 96

Equation 1.7.11 now becomes :

V2T = 94 exp(-E/RT,)C " exp ( E(T-T,)/RT,?) (1.7.13)

and in order to simplify the integration, Frank-Kamenetskii defined
two dimensionless parameters. 96 Firstly, he introduced a
dimensionless temperature, @ , where:

6 =E(T - T, /RT,>
and secondly, since the theory is applicable to geometrics where the
conduction process depends on only one space coordinate, x, the
Laplace operator was made dimensionless by introducing the variable:

z =x/r
in which r is the characteristic dimension of the vessel. Equation

(1.7.13) now becomes:



AR e R e (1.7.14)
where & is a dimensionless rate of heat release given by:
5= Q E r?Aexp (-E/RT)C" (1.7.15)
A RT#

In equation 1.7.14, the condition under which a stationary
temperature distribution just ceases to be possible, i.e., the
critical condition of ignition, is of the form:

&= constant = & i

Using the boundary condition that:

0= O when z =1
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Frank-Kamenetskii solved equation (1.7.14) analytically for the case

of self-ignition in a plane-parallel vessel, and showed that:
Seor = 0.88

with a corresponding maximum pre-explosion temperature rise of:

T 2 96
- 1.2 R
AT 1.2 0

E

Similarly, using the boundary conditions that:

@0=0 when z = 1,
and d0 /dz = Owhen z =0,
Frank-Kamenetskii solved equation 1.7.15 by numerical analysis
for both an infinitely long eylindrical vessel and a spherical vessel,
and showed that § o has values of 2.00 and 3. 32 respectively. A
The corresponding maximum pre-explosion temperature rise in a

cylindrical vessel was found to be:
2
RT,
E

ATy, = 1.37
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and in a spherical vessel, to be:

AT, ‘= 1,60 RT,”
E
These values for §,,.and AT cr Dave been confirmed by Chambre,
who obtained solutions to equation 1.7.15 in terms of known functions. 98
Frank-Kamenetskii has tested the theory in terms of
existing kinetic and explosion limit data obtained for the decomposition
of azomethane, ethyl azide, and methyl nitrate, and for the oxidation
of hydrogen sulphide. These tests have shown that, for the
compounds concerned, the calculated explosion limits over a wide
temperature range are within 2% of the observed values. 98,99
However, for azomethane and eihyl azide, the variation with 1/T0
of ln(PO/Tos), which was used to calculate the activation energy,
showed curvature at low temperatures. It has recently been shown
that the effects of convection may be responsible for these curved
plots on account of the Rayleigh number of the gas exceeding a
critical value of 600.100
In recent experiments on the thermal explosion of
diethyl peroxide, measurements were made of the pre-explosive
temperature-time histories, and the temperature-position profiles
close to the critical conditions were established. 101, 102 These

results provide the most detailed confirmation to date of the

conductive theory of thermal explosions.
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1.7.4 Ignition caused by heated bodies

The critical condition for thermal self-ignition in gases
for a plane-parallel slab, an infinite cylinder and a sphere have
been considered above, where in each case the reactant was
symmetrically heated. It is of practical importance however to
find solutions which represent the critical condition for thermal
self-ignition in an asymmetrically heated reactant, such as the case
of ignition caused by a heated body.

Semenov has used conductive thermal ignition theory to
calculate the ignition conditions for a gas contained between two
parallel walls, one of which is maintained at a higher temperature
than the other.9 4 The ignition conditions have also been calculated
for a gas filling an annular space between a hot (inner) and cold
(outer) sphere, and for a gas in contact with a heated wire passing

along the axis of a cold cylinder. 94

In each case, it was shown
that ignition could be assumed to take place within a thin layer of
reactant in contact with the hot surface, and that outside this layer
a constant temperature gradient existed.

The critical condition for ignition for each of the systems

outlined is given below, where Ti is the ignition temperature of the

heated surface, and T is the temperature of the cold surface.

(i) Parallel walled reactor with a distance, d, between the
walls.
57 1/2
2QW;RT;?

Where 'Vi = reaction rate at Ti'
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(ii) Small heated sphere of radius, r.

1/2
ik l-AE (Tj - T)?
| 2qwgrT2
(iii) Hot wire of radius, ry, passing along the axis of a
cylinder of radius, ry.
97 1/2

N AE (T, - T,)

"2 2QW RT,?

In this case, Semenov has shown that the conductive theory is
applicable only if the radius of the wire is not greater than 1 mm.

Clearly, the critical condition for ignition is similar in
each of the cases considered, the only difference being in the
characteristic dimension of the particular geometry.

The conductive thermal ignition theory of Frank-Kamenetskii
has been further developed to solve some steady state problems
involving asymmetrically heated reactants. An approximate solution
for the critical asymmetric heating of a reacting medium contained in
a parallel plate vessel was obtained by Bowes and Thomas and was
shown to be valid over a wide range of conditions. 103 The critical
ignition parameter, & cr» as defined by Frank-Kamenetskii, was
obtained as a function of two dimensionless parameters which were

6,and a . The dimensionless temperature, 6 , was defined as:

0!

6o = E (T, - T;) /RT;2
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and the dimensionless heat transfer coefficient, a , was defined
as:
a= Xr/A\

where X = heat transfer coefficient at the reacting
medium/wall interface.

Il

r half-thickness of reacting medium.

A

thermal conductivity of reacting medium.

The vessel walls may be considered to be perfect heat
conductors if a = 00 , and perfect insulators if a = O. The
wide range of conditions under which & cr Was calculated was obtained
By varying the value of a between O and infinity.

Thomas and Bowes also calculated the critical conditions
for ignition in a reacting medium in the form of a cylindrical annulus,
in which the inner face is maintained at a constant high temperature. 104
For practical purposes, the value of a is large, so that the surface
temperature of the reactant, T, is almost that of the environmental

temperature, T,. A new critical ignition parameter, & pt was

c
expressed conventionally in terms of the half-thickness of the

annulus, and given by:

acr* = Bcr (rz 53 rl)z /4

where rq radius of the inner face,

radius of the outer surface.

il

r2
Furthermore, it was shown that:
o 2
acr*_(|es|+1.4 ) /8
5 2
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This result is the same as the expression which was obtained for
a reactant in the form of a plane—paré.llel slab with the hot face in
contact with a perfect insulator, with a1 and  |6¢| ) 5.

Thus, a thin cylindrical annulus tends to behave like a plane slab.
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1.8 Unified chain-thermal theory of ignition

It is well known that the ignition of an alkane in oxygen
occurs as a result of interdependent chain branching and exothermic
processes, and that thermal explosion takes place only when the
rate of reaction and hence of heat liberation is high enough for
chain autoacceleration.

A simple chain-thermal scheme has been proposed by
Salnikov to explain the existence of oscillatory cool-flame behaviour
during hydrocarbon oxidation. 105 In this scheme, two consecutive
reactions involving the formation and destruction of an important

chain carrier, X, are considered:

1 2
J 4 e X . B 7 g
Eq Eg
(1) (2)

where |AH2 l > 'AHII and E, > E;. The concentration of
X increases as a result of reaction (1), the rate of which accelerates
as a result of self-heating. As the temperature rises, reaction (2)
becomes important, and at a sufficiently high temperature, X is
consumed faster than it is produced. The rapid consumption of X
causes a decrease in the rate of reaction (2), and consequently the
temperature falls, thereby restoring the initial conditions of
temperature for which reaction (1) is more important than reaction
(2). Theoretically, this cycle may be repeated until the reactant

concentration is reduced to such an extent that A can no longer be
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formed. This simple model devised by Salnikov, failed however
to provide a formalism enabling a quantitative calculation to be
made. Furthermore, the model could not account for other
characteristics of hydrocarbon combustion, such as negative
temperature coefficient of reaction rate and 'lobes' on two-stage
ignition profiles.

Recently, Gray and Yang have devised a mathematical
model involving a chain-thermal scheme which assumes that the
oxidation of a hydrocarbon is dominated by an autocatalytically

106, 107 The reaction scheme is

produced chain-carrier, x .
outlined below

stable products

1 1
hy |k
ki kb
A h—% X —H% 2X
i b
2 2
hy Wkt

stable products
where k and h are the rate constants and enthalpy changes respectively
for the reactions, and the subscripts i, t and b indicate whether the
reaction is a chain-initiating, chain-terminating or chain-branching step.
Activation energies for the reactions are expected to increase in magnitude
according to Etl < Eb & Ef’
The model is based on the variation with time of the

concentration of the chain carrier, x, (kinetic equation) and of the



temperature, T (energy equation). The solutions of these equations
were obtained in the so-called T-x phase plane and were observed
as trajectories which could be related to explosion and cool-flame
oscillation limits.

Using a single set of assumed rate constants, it has been
shown that two-stage ignition limits, cool flame oscillation limits,
oscillation period and amplitude, lobes and the negative temperature
coefficient effect can all be calculated and are found to be in good
agreement with experimental observations.

Gray and Yangloa’ 109

have generalised this chain-thermal
theory to any number of reaction intermediates. By properly
defining a 'rate of heat release' curve, thermal diagrams have
been used so that the critical condition for non-oscillatory, steady
states may be reducible to a tangency condition (ie. 4y =dg and
dqy /dT = dqe/dT as in Section 1.7.2).108  The thermal diagrams
can also explain the existence of cool flame oscillations, a negative
temperature coefficient region and lobes on the ignition profile
boundarigs. 109
Recently, a detailed model of the non-isothermal oxidation
of acetaldehyde has been devised which, unlike the model of Gray

110 The

and Yang, takes into account the consumption of reactants.
model has been found to give a realistic simulation of single and
multiple cool flames with their limits, amplitudes and induction
periods; it also accounts satisfactorily for two-stage ignition, of

the negative temperature coefficient for the maximum rate of slow

combustion.

70
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1.9 The Present Work

It was shown in Section 1.3 that the spontaneous ignition or
organic compounds and in particular of hydrocarbons accounts for a
large proportion of the accidents taking place in the petroleum and
chemical industries. Naval diesel fuels are readily ignitable
materials, and serious fire and explosion risks occur when these
substances make contact with hot surfaces. n-Decane is a major
constituent of Naval fuels and is reported to be a very easily ignitable
hydrocarbon. Hitherto, the non-isothermal combustion of this
compound has not been studied in any depth and the details of its
spontaneous ignition profile have not been reported. In the present
work, emphasis has been placed on establishing the way in which the
spontaneous ignition temperature limits in a large spherical reaction
vessel vary with n~decane-air ratio.

The ignitability of alkanes increases with increasing
molecular weight and with decreasing branching of the carbon chain.
By measuring under the same experimental conditions as those used
for n-decane the spontaneous ignition-temperature limits for several
other alkanes, it is possible to identily a characteristic parameter
which is quantitatively related to the ignitability of the alkane.

The ignitability of a pure hydrocarbon may be altered by
fuel blending as described in Section 1.4.4. For lower molecular
weight hydrocarbons (less than C'Z)’ the ignitability of a binary fuel
mixture has been shown to be influenced to a greater extent by the

more easily ignitable component. Studies of the non-isothermal
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combustion of binary fuel-air mixtures containing different proportions
of n-decane and 2, 2, 5~trimethylhexane have shown to what extent
higher molecular weight alkanes conform to this general pattern of
behaviour. Furthermore, an attempt has been made to discover a
characteristic parameter which is quantitatively related to both the
composition and the ignitability of the fuel mixture.

It was shown in Section 1. 7.3 that the conductive theory of
thermal ignitions has been confirmed by a number of workers using
gas-phase decomposition reactions in which degenerate chain-branching
reactions are absent. The validity of application of thermal ignition
theory to gaseous explosions has been shown to be limited by the
effects of convection. The application of thermal ignition theory
to the oxidation of alkanes has however been little investigated.

The extent to which thermal ignition theory may be applied to n-decane
combustion may be assessed indirectly as described in Section 1.7. 2.
using spontaneous-ignition temperature limit data. Temperature
measurements in reacting n-decane-air mixtures at the spontaneous
ignition boundary enable direct tests of thermal ignition theory to be
made. Maximum stable temperature rises in the centre of the vessel
have therefore been measured and compared with calculated temper-
ature rises (Section 1.7.3). The effects of convection have been
determined from both direct and indirect tests of thermal ignition
theory. The value of the Rayleigh number of the gas mixture above
which convective heat transfer becomes significant may be compared

with reported literature values (Séction 1.7.3).
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Problems involving asymmetrically heated reactants
have been tackled using the conductive theory of thermal ignition
(Section 1.7.4). Measurements of the conditions required to
cause spontaneous ignition of n-decane-air mixtures in contact with
a hot glass tube contained in a cooler spherical vessel have helped
to establish the factors affecting ignition iﬁ asyinmetrically heated

gaseous reactants in which the effects of convection are significant.
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- 35 8 THE APPARATUS

2.1.1. The vacuum system.

The vacuum apparatus was constructed from Pyrex
glass and is shown schematically in figure 2.1.

The section of the line bounded by taps T1, T3 and T4
was constructed from 8 mm. i.d. tubing. Permanent gases were
introduced into the apparatus through T1, dried by passage through
a column of Linde 5A molecular sieve and silica gel and then
condensed and fractionated between traps TR1 and TR2 which were
cooled by liquid nitrogen. A mercury manometer, M1, was used
both for calibration purposes and as a pressure safety valve during
fractionation of gases.

Permanent gases were subsequently stored in 5 litre
vessels, S1 and S2, and liquid alkanes were kept in 50 cm3 flasks,
F1 and F2, which were attached to the line by cylindrical joints
sealed with Viton rubber 'O'-rings. Heated premix vessels,

PM1 and PM2, of 3 and 5 litre volume respectively, were encased
in metal boxes as a protection against possible explosion resulting
from a flash-back from the reaction vessel. In order to reduce
the risk of such a flash-back, a flame-trap, FT, filled with 2 mm.
diam. glass beads, was incorporated into the line between the
premix vessels and the reaction vessel.

The reaction section of the apparatus, bounded by taps
TS and T8, was constructed from 6 mm. i.d. tubing, and here

attempts were made to reduce the dead space to a minimum.
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Figure 2.1

A line diagram of the vacuum apparatus.
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The introduction of reactants to the reaction vessel was controlled
by a solenoid-operated valve actuated by a time-variable electronic
circuit (Section 2.1.3.). Reactions were carried out in a 550 cm3
spherical reaction vessel which was washed with fuming nitric acid,
rinsed with distilled water and baked in air at 450°c for 24 hours
prior to use. The neck of the reaction vessel was sealed by a
pressure transducer, and a constant volume was obtained by closing
taps T6 and T7. A calibration vessel of 500 cm3 volume, CV1,

and a mercury manometer, M2, were also attached to the line
adjacent to this reaction section. Small ground-glass valves, VA,
were incorporated into both manometers M1 and M2 to prevent
mercury being carried over into the apparatus in the event of a
sudqen reduction of pressure in the apparatus. These valves
allowed gas to pass freely in either direction, but provided an
immediate seal when subjected to the upward force of a mercury
thread. A liquid nitrogen trap, TR4, prevented combustion products
from condensing in the 30 mm. i.d. by-pass line, bounded by T2 and
TRS.

The pumpiﬁg section, bounded by TR5 and RP, was
constructed from 8 mm. i.d. tubing. A vacuum of 107% torr was
easily attained by means of a single-stage mercury diffusion pump,

DP, backed by an Edwards Speedivac (type ES35) rotary oil pump.
Liquid nitrogen-cooled traps, TR5 and TR6, protected the diffusion
pump from contamination by combustion products and also prevented
mercury vapour diffusing into the line or thé rotary pump.

Rotaflow taps with PTFE keys were used in the parts
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of the apparatus where the line was heated. Ground-glass stop-
cocks, greased with Kel-F90 high vacuum grease, were used in
other parts of the apparatus.

Experiments designed to simulate the ignition
tendency of an alkane-air mixture in the vicinity of a hot pipe,
were carried out in 550 cm3 spherical reaction vessels containing
heated glass tubes passing through the centre (figure 2.2.). The
heaters were made by cementing electrical resistance windings
onto hollow glass formers, through the centre of which passed a
fine chromel-alumel thermocouple. The thermocouple junction
was placed at the centre and adjacent to the outer surface of the
glass former in such a way that it made good contact with the glass
tube passing through the centre of the reaction vessel. The cement
layer on the outside of the glass former was ca. 0.2 ¢m. thick and
helped to provide an even temperature distribution along the length
of the tube. The temperature variation along the surface of the tube
was measured using a chromel-alumel thermocouple, and was shown
to be less than 1.5° K over 95% of the tube length. The power
supplied to the heaters was varied by means of a Variac variable

transformer.

2.1.2. Furnace and line heating.

The temperature distribution of the vertical tube furnace
was measured using a chromel-alumel thermocouple which had been
calibrated against a standard platinum-rhodium thermocouple. The

results of these measurements, which were taken at two temperatures,
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Figure 2.2

Reaction vessel containing a heated glass tube.
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are given in figures 2.3(a) and (b), and show that a stable temperature
region (i 1° K) exists over an 11 cm. length of the furnace tube. In
this region, the temperature variation across a 12 em. diameter of the
furnace tube was less than 1-9° K (figure 2.3. (c)). The reaction
vessel was therefore placed in this reasonably constant temperature
~region, with the junction of the thermocouple adjacent to the vessel.

The temperature of the furnace could be controlled to
within & 0.5° K, and at temperatures up to 873° K, by using an A.E.I.
type RT3/R Mk 2 proportional temperature controller and power
regulator, with temperature feedback from a 10-ohm platinum
resistance thermometer placed near the reaction vessel.

The glass line between T4 and T9, and that between FT
and T8 was maintained at ca. 390° K by means of heating tape, and
the manometer, M2, was heated separately to ca. 350° K by nichrome
wire. The premix vessels were independently maintained at a
temﬁerature of ca. 390° K by means of 3 in. heating tape, and were
covered with glass-fibre lagging. Chromel-alumel thermocouples
were placed at several points along the surface of both vessels, and
measurements confirmed that there were no hot-spots and that the
temperature was uniform.

The alkane storage vessels, F1 and F2, were heated by

isomantles connected to Sunvic energy regulators,

W B Solenoid valve and timing circuit,

The solenoid valve is shown diagrammatically in figure 2.4,

The valve seal was made by compressing a viton rubber 'O'-ring,
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Temperature distribution and profiles in the vertical tube furnace.
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attached to a metal rod, into a glass cup. When the solenoid coil
was activated, a magnetic field was induced which lifted the metal
rod from the glass cup and permitted gas to flow through the valve.
When the solenoid coil was isolated from the voltage supply, the
metal rod returned quickly under the combined forces of gravity
‘and the spring to the glass cup, thus renewing the seal.

The length of time for which the 250 volt, a.c. solenoid
coil was active was controlled by an electronic circuit (figure 2.5).
With the microswitch, MS, in position 1, the capacitor C1 became
charged. When MS was in position 2, C1 discharged in a time
determined by the resistances of DS1 and DS2 and of VR1. The
capacitor discharge current was amplified by a transistor circuit
involving TR1 and TR2, and hence enabled the relay to operate.
The contacts on the relay closed the circuit between the mains
voltage and the solenoid coil, which then operated the valve. This
arrangement enabled the valve to be operated for time intervals

from 0.1 sec. to several sec.

2.1.4. Temperature and pressure measurements.

Temperature changes accompanying combustion reactions
were measured at any chosen position on the vertical diameter of
reaction vessel by means of a very find platinum-rhodium thermo-
couple supported on an adjustable capillary glass probe (figure 2.6).
The thermocouplé junction was made by butt-welding 0.0025 cm. diam.
wire in a Spembley Electronic Products, argon-arc welder, and the

resulting thermocouple bead was less than 0.005 cm. in diameter,
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Figure 2.6.
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The thermocouple was flame-welded onto 0-025 cm. diam. support
wires, and the wires were then sealed into fine capillary glass
tubing. Finally, Kaskan's methocll11 was used to deposit a thin
layer of silica onto the exposed thermocouple wire and thus prevent
catalysis of the combustion reactions. A similar thermocouple was
maintained at a constant temperature of 0° C and was used as a
reference.

Pressure changes accompanying combustion reactions
were followed using a Bell and Howell type 4-366 general purpose
transducer, giving a 0-40 mv output over a 0-50 psi pressure range.
In this instrument, pressure changes unbalanced a controlled strain
in an excited Wheatstone's bridge of strain gauge windings, in which
all four arms were activated (figure 2.7). The transducer was
electrically excited by a stabilised 10 v d.c. potential from a Bell
and Howell type 3-142 transformer. The incorporation of a zero-
balance circuit, involving resistors R1 to R3, and potentiometer, VRI,

facilitated fine adjustment of the transducer output.

2.1.5. Amplification and recording equipment.

Output signals from the thermocouple and pressure
transducer were amplified by means of National Semiconductor,
type LM 201, operational amplifiers, used as inverting d.c.
amplifiers with a balancing circuit (figure 2.8). The gain of the
amplifier was determined by the ratio of the feedback resistance, R2,
to the imput resistance, R1. By selecting, with S1, appropriate

resistances for R2, gains in the range 2 to 95 could be obtained.
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The amplifier was intrinsically balanced by adjusting the
potentiometer, VRI1.

The amplified signals were suitably damped with
series, Rs, and parallel, Rp, resistances, and were transmitted
to Honeywell BB 130A sub-minature galvanometers which were
placed in the magnetic assembly of a Honeywell 1706 visicorder.

In this instrument, a light beam from a mercury vapour lamp,

is focussed onto the galvanometer mirror. The reflected beam
strikes light-sensitive paper which is drawn through the recorder
at a selected speed. The resistances of Rs and Rp were calculated
to provide a damping ratio of 0.64 to the output from the amplifier,
which is the optimum value for a fast, but accurate response.

It was not only essential that the values of Rs and Rp
should be correct, but also that the galvanometer was physically capable
of responding to the rise-time of the cool flame. The maximum rise
time for cool flames in these studies was shown to correspond to a
frequency of 70 Hz. Since a BB 130 A galvanometer has a flat
frequency response of 0-80 Hz, it was concluded that it would
faithfully reproduce cool flames. This conclusion was supported by
the good agreement between the measurements made using a BB 130 A
galvanometer, and those made using a BB 500 galvanometer which has

a much greater flat frequency response.

2.1.6. Calibration of the volume of the reaction vessel and line.

The volume of the reaction vessel and line between taps
T6 and T8 was found by weighing the amount of 'Analar' acetone required

to fill the space at 295° K.
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2.2. Reactants.

Oxygen (99-6% pure) and'white spot' nitrogen (at least
99.98% pure) were obtained from cylinders supplied by the British
Oxygen Company, and were purified as described in section 2.3.1.

n-Decane was kindly supplied by the British Petroleum
Company Limited and was shown by gas chromatography to have a
purity greater than 99.-8%. Isooctane was provided by the Esso
Petroleum Company Limited, and was shown by gas chromatography
to be at least 99-6% pure. 2,2,5 - trimethylhexane was supplied by
Phillips Petroleum Company and was shown by gas chromatography
to be at least 99.6% pure, the only impurity being 2,2,4 - trimethyl-
hexane. 2 methylheptane, 2,4 - dimethylheptane, 2,5 - dimethylhexane
and 2, 2,3 - trimethylbutane were obtained from Ralph N. Emanuel
Limited, andwereshown by gas chromatography to have a purity
greater than 99%.

The alkanes listed above were used without further

purification, but were degassed before use, as described in Section 2.3.1,

2.3. General procedure.

2:9: %, Introduction of reactants into the apparatus.

Gaseous oxygen was taken from a cylinder, passed through
a drying column and condensed in trap, TR1, which was cooled by liquid
nitrogen. When sufficient liquid oxygen had been collected, a middle
fraction was vaporised into storage vessel, S1, considerable head and

tail fractions being rejected.
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Gaseous, 'white-spot' nitrogen, taken direct from a
cylinder, was allowed to flow slowly into storage vessel, S2, after
passing through a drying column, and traps, TR1 and TR2, which
were immersed in liquid nitrogen.

Liquid alkanes were stored in an atmosphere of
nitrogen to prevent oxidation on standing. The alkanes were
transferred by syringes to flasks F1 and F2, and were degassed by
successive freeze-thaw operations, carried out under vacuum until

bubbles of gas ceased to leave the liquid.

2.3.2. Preparation of reactant mixtures.

Gaseous reactant mixtures were prepared on a partial
pressure basis, the component with the lowest required partial
pressure being admitted first to the premix vessels, PM1 and PM2.
In these mixtures, the ratio of oxygen to nitrogen was 1:4, (i.e. almost
the same as in air). During reactant mixture preparation, pressure
measurements wex:e made with a 0-25 psia, Bell and Howell type
4-366 general purpose transducer, PT1, which was calibrated with
dry nitrogen and shown to have a linear response. The output from
the transducer was measured with aCroydon Type P3, Precision
Potentiometer, which is accurate to 0.0025 mv., corresponding to a
pressure of 0-01 kPa.

Prepared reactant mixtures were allowed to stand for
10 minutes, after which time such mixtures in heated vessels are
believed to be homogeneousllz. Periodic gas chromatographic
analysis was carried out on reactant mixtures which had been stored

in the premix vessels for longer than 5 hours. A portion of the
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reactant mixture was condensed in trap TR3, and a 1 pl sample of

the condensate was injected onto a 2-metre stainless steel column,
packed with 10% silicone grease supported on 72-85 mesh celite and
maintained at 160°C. Nitrogen was used as a carrier gas and the
eluted components of the mixture were identified by a flame-ionisation
detector. Analyses carried out in this way confirmed that less than

0-2% of the n~decane had reacted in the premix vessel.

2.3.3. Conditioning of the reaction vessel.

A 1:10 n-decane-air mixture was prepared in PM1 and
PM2 at a total pressure of 100 kPa. With tap T7 closed, a fraction
of the mixture was admitted to the reaction vessel, and as soon as
the operation of the solenoid valve was complete, tap T6 was closed.
In this way, ca. 50 cool-flame and two-stage ignition reactions were
carried out, and as a result a reproducible surface was obtained in
the reaction vessel. The results were considered to be reproducible
when the induction period preceding a cool-flame varied by less than
5% for consecutive reactions carried out under the same initial
conditions of temperature and pressure. Between these consecutive
runs, the reaction vessel was pumped out for a period of 6 minutes,
after which time additional pumping had a negligible effect on the

induction period.

2.3.4. Calculation of Kinetic parameters from pressure-time

records
Since the output signal from the pressure transducer PT2

was not always amplified at the same gain, it was necessary to make a
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separate calibration of the transducer for each run. This
calibration was performed when the combustion reactions were
complete, by opening T7 with T8 closed, and measuring the pressure
on the manometer M2. The measured pressure corresponded to a
deflection, Pm, on the pressure-time record shown in figure 2.9(a),
from which a calibration factor of pressure/unit deflection was
calculated.

The induction period of the first cool flame, (’t‘lin figure
2.9(a)), was taken as the time elapsing between the introduction of the
reactants into the reaction vessel and the attainment of the maximum
value of the pressure rise of the cool flame, API. The induction
periods of the ignition effect pulse, Tie , and those preceding the
second cool flame, T, and ignition, Tig’ (figures 2.9(b) and 2.9(c)
respectively) were similarly taken as the time elapsing between T 1
and the appropriate pressure pulse.

The maximum rate of pressure rise, (dP/dt) i 0L
the cool flame was calculated from the slope of a line constructed
tangentially to the maximum rate of rise of the pressure trace.

In figure 2.9(a), P and P_ represent the initial and
final gas pressures in the reaction vessel, and A P1 represents the
maximum pressure rise of the cool flame. Figures 2.9(b) and (c)
show the methods used to calculate the maximum pressure rise
accompanying the ignition effect pulse, A Pie , the second cool flame,

APz, and hot ignition, A Pi g
Similar kinetic parameters were calculated from

temperature - time traces which were the result of measurements,

made With the micro-thermocouple, of temperature changes
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Figure 2.9.

Kinetic measurements from pressure-time traces.
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accompanying combustion reactions. A thermocouple calibration
factor of temperature change per unit galvanometer deflection was
calculated for each amplifier gain. These calibrations were carried
out using measurements of the deflection which corresponded to a
temperature change from 273° K up to the reaction vessel

temperature.

2.4, Computer programming.

Computer programmes were coded in Fortran four

language, and wererun on an I,C,L, 1905 digital computer.
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SECTION 3

RESULTS
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3.1 The combustion of pure alkanes in air and oxygen

2.1 Phenomena resulting from the observation of
pressure changes

3.1.1.1.(a) Ignition profiles of n-decane-air mixtures

The initial conditions of temperature and pressure under
which 1:10 and 1:17.5 n-decane-air mixtures undergo non-isothermal
oxidation are shown in figure 3.1. On account of the shortness of
the induction periods preceding a cool flame or two-stage ignition
(ca. 0.3 sec.), certain regions of the ignition profile could not be
completely constructed.

Figure 3.1 shows that, for both mixtures and at initial
pressures, Po’ greater than 3kPa, there is a large single cool
flame region having a smooth boundary and extending from 485° to
650°K. At low initial temperatures, T, (up to ca. 510°K) the
passage of a cool flame is accompanied by a large and sharp pressure
rise as shown in figure 3.2a. Above 510°K, the pressure rise
accompanying the cool flame decreases with increasing temperature
(figure 3.2b ). A pressure pulse, henceforth referred to as an
'ignition effect', which occurs as a 'shoulder' on the first cool
flame, is observed throughout the cool-flame region, but more
particularly at temperatures about ca. 510°K (figures 3. 2c and d).
The ignition effect increases in magnitude as the two-stage ignition
boundary is approached isothermally, eventually becoming the
pressure pulse representing hot ignition (figure 3. 2e).

At initial pressures greater than ca. 40kPa, two-stage
ignition is observed. The two-stage ignition profile exhibits two
distinct low~pressure lobes occurring at temperatures of

ca. 510°K and SGUOK, and these have been designated A and B
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Figure 3.2

Pressure-time traces of non-isothermal
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respectively.

Within the single cool-flame region, there is a region in
which two cool flames may propagate consecutiv.ely, and the centre of
this region corresponds with a temperature of ca. 570°K. The
second cool flame possesses completely different characteristics
from the first, and is accompanied by a small pressure pulse
(figure 3.2f). The ignition effect has also been observed in the two
cool-flame region, and a typical pressure-time record of this is
shown in figure 3. 2g.

The effect on the ignition profile of increasing the ratio
of air to n-decane has been to raise the limiting temperatures and
pressures necessary for propagation of cool flames and two-stage
ignition. Furthermore, lobe A is less pronounced for the 1:17.5
n-decane-air mixture than for the 1:15mixture, whereas lobe B is
larger and extends to a lower temperature.

The variation with mixture composition of the minimum
temperature required for two-stage ignition at an initial pressure of
60kPa is shown in figure 3.3.a . From this, it is clear that, as the
mixture becomes more fuel-rich, the limiting temperature decreases
markedly and tends to 2 minimum at 487. 5°K.

The boundaries separating slow combustion from both cool
flames and two-stage ignition have also been determined for 1:7.5,
1:15, 1:20 and 1:25 n-decane-air mixtures in the temperature range
480 to 570°K. Figure 3.4 shows these boundaries together with that

determined for the 1:10 n-decane-air mixture. Clearly, as the



110
Figure 3.3

Variation with mixture composition of the minimum

temperature required for two-stage ignition
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Figure 3.4

Slow-combustion/cool-flame boundaries for several

n-decane~air mixtures
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ratio of air to n-decane is increased, the limiting temperature and
pressure necessary for the propagation of a cool flame or two-stage
ignition are increased.

Using the results shown in figure 3.4, the variation with
mixtu;;'e composition of the limiting temperature required for two-
stage ignition at 60kPa is shown in figure 3.3.b. Although it is
clear that the limiting temperature decreases and tends to a minimum
as the fuel mixture becomes more fuel-rich, the variation with
mixture composition of this temperature is much less marked than
was found for the preliminary resu1$ shown in figure 3.3.a. This
discrepancy may be accounted for by the fact that the two sets of
results were obtained from experiments carried out in different

reaction vessels (although these were of the same size and shape).

3.1.1.1.(b) Ignition profiles of other alkane-air mixtures

The boundaries separating slow combustion from both cool
flames and two-stage ignition in 1:15 alkane~-air mixtures have been
determined in the temperature range 490 to 600°K for 2-methylheptane
(figure 3.5), 2,4-dimethylpentane and 2, 5-dimethylhexane (figure
3.6) and isooctane (figure 3.7). A similar boundary has been deter -
mined for a 1:3 2, 2,3-trimethylbutane-oxygen mixture (figure 3.7);
no cool flames were observed in mixtures with air at pressures below
ca. 100kPa. Figures 3.6 and 3.7 represent pairs of alkanes of
different molecular weight but similar molecular structure. It is

apparent from figures 3.5, 3.6 and 3.7 that the limiting conditions
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Figure 3.5

Slow -combustion/cool-flame boundary for
a 1:15 2-methylheptane: air mixture
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Figure 3.6

Slow -combustion/cool-flame boundaries for 1:15

2,4-dimethylpentane: air and 2, 5-dimethylhexane: air mixtures
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Figure 3.7

Slow -combustion/cool-flame boundaries for a 1:15

isooctane: air mixture and a 1:3 2, 2, 3-trimethylbutane: oxygen

mixture
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of temperature and pressure required for cool flames and two-stage
ignition increase with the degree of branching for alkanes having the
same molecular weight, but decrease with increasing molecular

weight of alkanes having a similar molecular structure.

3.1.1.2 The maximum pressure rise accompanying cool flames

Figure 3.8 shows the variation with initial pressure, P ,
of the maximum transient pressure rise accompanying the first cool
flame, APl, for 1:10 n-decane-air mixtures. A relationship of
the form

AP =AP0m (3.1)

1
has been shown to hold for these mixtures, and figure 3.9 shows
the variation with log P0 of log API. In the temperature range
493 to 530°K, the value of the constant, A, in equation (3.1) shows
a dependence on temperature, whereas m is more or less temperature
independent and has values varying between 1.23 and 1.46.

Figure 3.10 shows the variation with initial temperature,
T, of API for 1:10 n-decane-air mixtures at a pressure of 35kPa.
Although APl decreases steadily as To increases, the curve shows
a distinct point of inflection corresponding to a temperature of
ca. 530°K.

The variation with "I‘0 and Po of the locus of a constant
value for API of 9kPa is shown in figure 3.11. Clearly, the shape
of the locus between 490 and 560°K resembles that of the two-stage

ignition profile shown in figure 3.1. Furthermore, the two pressure
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Figure 3.10

Variation of M’l with TO for a 1:15 n-decane-air

mixture at an initial pressure of 35kPa
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minima in the locus correspond with the temperatures at which the

lobes A and B are observed.

3.1.1.3 The rate of pressure rise during cool flame propagation

An indication of the maximum, overall rate of oxidation
occurring during cool flame propagation is given by the maximum rate

of pressure rise of the cool-flame, (dp/dt) Figure 3.12 shows

max.
the complex variation with initial pressure of (dp/dt) e for 1:15
n-decane-air mixtures at a constant temperature. Loci of constant
(ap/dt) max, €xhibit pressure maxima and minima (figure 3.13) at
temperatures which correspond with the positions of the lobes on the
two-stage ignition profile.

The variation with reactant mixture composition of (dp/dt), ..

at a constant pressure of 30kPa is shown in figure 3. 14 for

several temperatures. From this, it is clear that,below a temperature

of 523°K, (dp/dt) increases only very slightly with increasing

max.
air-n-decane ratio. At temperatures above 523°K, however,
(dp/dt) max. increases markedly when the air-n-decane ratio is
changed from 7.5 to 10.0, and then decreases gradually with further

increase in the ratio of air to n-decane. This effect is most notice-

able at temperatures of 543 and 563 °K.

3.1.1.4 Induction periods preceding the first cool flame, T 1

Figure 3.15 shows the variation with initial pressure, Po’

of the induction period, T 1 preceding the first cool flame in 1:15
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Figure 3. 14

Variation of (dp/dt)max with mixture composition at several

initial temperatures. Initial pressure = 30kPa
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Figure 3.15
Variation of ‘fl with To and Po in 1:15 n-decane-air

mixtures
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n-decane air mixtures under conditions of constant temperature.
Similar curves have been obtained for 1:7.5, 1:10, 1:20 and 1:25
n-decane-air mixtures and these are shown in figures 3.16.2a, b, c
and d respectively.

Below ca. 525°K, Tl is lengthened as the ratio of air to
n-decane is increased at a constant total pressure of 25kPa. Above
this temperature, but under otherwise similar conditions, 7T 1 becomes
smaller. These effects are shown in figure 3. 17.

At all temperatures, the relationship
=kP "s+cC (3.2)

has been shown to hold for the n-decane-air mixtures studied. How-
ever, although previous workers have assumed that the value of C is
negligible compared with Tl, it has recently been shownus’ 134 that
this assumption is incorrect, and that the value of C has a significant
effect on the absolute values of n and k. Using a previous computer
programmeu3, values for C, n and k have been calculated for all

the n~decane-air mixtures at several initial temperatures, and these
values are given in Table 3.1. This computer programme was designed

to vary the value of C for given sets of P0 and T 1 values until the

coefficient of correlation in the relationship

log ( 'I'I-C)=logl~:--nlogP0 3.3)

was at its maximum value.
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Figure 3. 16
- Variation of f['l with 'I‘o and Po for several n-decane-air
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Figure 3. 17

Variation of '1:'1 with n-decane-air mixture

composition at 25kPa
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Table 3.1

Values of k, n and C for n-decane-air mixtures

Temp.(OK) 493 503 513 | 523 533 543 | 553 563
Air/n-decang

=7.5

k 2400 | 2266 158 | 196 94 28.8
n 1.16 |1.50 | 0.85 |1.16 1.12 1.14
c 21.39|17.47| 5.03 |4.62 .39 1.05
Air/n-decane

= 10.0

k 2186 | 3666 330 | 143 215 64 24
n 1.14 11,60 1 1.1 1,07 (1.43 .15 1.08
c 29.43 (17.83| 7.36 (3.76 |3.10 .55 0.75
Air/n-decane

=15.0

k 840 380 765 | 360 211 77 | 46

n 0.72 |0.71 | 1.32 [1.35 |1.49 .35 11.37

e 4,96 [2.12 {1.26 |0.78 |0.59
Air/n;decane

= 20.0

k 936 979 683 | 104 112 63

n 073 |1.18 |1 1.29 0.80 |1.23 |

c 11.8 | 6.52 [2.04 [1.99 [1.08
Air/n-decane

= 25.0

k 400 | 410 | 122 97 81 | 40

n 0.72 11.12 0.96 |1.19 .41 |1.29

c 2.38 [ 7.89 B.09% |1.52 .08 10.66
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At an initial temperature of 523°K, the variation with
log P0 of T, for the 1:15 n-decane-air mixture is markedly curved,
whereas the variation with log P0 oflog( 7 1" C) is linear as shown
in figure 3.18. Similar results have been found for the other
n-decane-air mixtures studied and at all temperatures investigated.

The variation with reciprocal temperature of the values of
log C is linear, as shown in figure 3.19, although there is an abrupt
change in slope in the temperature range 514 to 527°K.

The calculated values of n and k vary with temperature in
such a way that they reflect the shape of the two-stage ignition profile.
These variations are shown for a 1:10 n-decane-air mixture in
figures 3.20 and 3.21, which give plots of n versus T0 and of log k
versus log To respectively.

The variation of 7 ; with 1/T0 for 1:15 n-decane-air
mixtures at several initial pressures‘; is shown in figure 3.22. At
initial pressures greater than 30kPa, these linear relationships show
two changes of slope, the break points corresponding to temperatures
of ca. 510°K and 533°K. From the slopes, the overall activation
energy has been calculated to be 40 keal.mole™ T at temperatures
below 51001(, 46.8 kca.l.mole_1 in the temperature range 510 to
533°K and 33 keal.mole ! at temperatures above 533°K. At initial
pressures less than ca. 30kPa,there is only one change in slope and
this corresponds to a value for To of 533°K. In this caée, the
overall activation energies are 46 kcal.mole'l and 28 kcal. mn::ule_1

at temperatures above and below 533°K respectively.
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Figure 3.22
Variation of logyq T 4 With reciprocal of T for 1:15

n-decane : air mixtures at several initial pressures
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Figure 3.23 shows the way in which log T 1 varies with 1/T0
for several n-decane-air mixtures at a pressure of 20kPa. It can
be seen that at temperatures below 533°K the slopes of the lines
are independent of mixture composition and the overall activation
energy is ca. 42.5 k cal.mole_l. At temperatures above 533 °K
however, the slope of the lines changes markedly with mixture
composition, and the overall activation energy varies from 20 k cal.
wiols ™ for'a 1:7. 5 n-decane-air migture to 43 k cal.male > for'a

1:25 n-decane-air mixture.

3.1.1.5 Induction periods preceding the second cool flame, To

Figure 3.24 shows the way in which the induction period
preceding the second cool flame, T, varies with initial pressure,
Po’ for 1:10 and 1:15 n-decane-air mixtures at an initial temperature
of 563°K. As Po is increased along this isotherm, the value of

T’2 tends sharply to a minimum near the low pressure limit, below
which only single cool flames are observed; it then rises gradually
until the high pressure limit is attained, above which two successive

cool flames can no longer propagate.

3.1.1.6 Induction periods preceding the ignition effect, T (e’

and the second stage of two-stage ignition, Tig

A pressure pulse referred to earlier (Section 3.1.1.(a))
as an 'ignition effect' occurs as a shoulder on the first cool flame

and increases in magnitude as the two-stage ignition profile is
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Figure 3. 23

Variation of 10510 T 1 with reciprocal of T0 for several

n-decane-air mixtures at an initial pressure of 20kPa
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Figure 3. 24

Variation of T, with P_ at 563°K
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approached isothermally, eventually becoming the pressure pulse
representing hot ignition. At 563°K the ignition effect first becomes
noticeable at a pressure of ca. 10kPa, and the variation with PO of

T ia for a 1:10 n-decane-air mixture is shown in figure 3. 25.
Clearly 'r‘i . varies very little with P0 up to ca. 30kPa; thereafter

Tie becomes T ig and decreases at first sharply and then more
gradually with further increase in Po'

In recent studies carried out under engine conditions {i of

the high pressure ignition of 2-methylpentane, a relationship of the
form

fringApl'm ‘ (3.4)

is shown to hold, the constants B and m being independent of
temperature.. Figures 3.26 shows the variation with log L\Pl of

log Tig for 1:15 n-decane-air mixtures at several initial temperatures.
The straight line shown in this figure is the result of a least-squares
regression analysis of the data, and gives a value for m of 2.10.

The positions of the data points on either side of this line indicate

that the value of m is independent of temperature, whilst that of B

shows a small temperature dependence.
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Figure 3. 25
Variation of T, with P_at 563°K.
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3.1.2 Temperature measurements

Temperature measurements have been made of the combustion
reactions taking place in 1:15 n-decane-air mixtures at pressures close
to the boundary separating slow combustion from cool flames. Figures
3.27.a, b and ¢ show the variation with time of the temperature at the
centre of the reacting gas mixture which was initially at a temperature
of 543°K. The maximum temperature rise, A T  .x » attained during
slow combustion (figure 3.27.a) increases as the initial pressure is
increased isothermally up to the slow combustion/cool flame boundary.

At the critical pressure, Pc corresponding to the slow combustion/

r?
cool flame boundary, the value for ATm o is the largest possible
one in the absence of a cool flame and is denoted as ATcr (figure
3.27.b). However, at pressures greater than Pcr’ the temperature-
time trace (figure 3. 27.c¢) shows the usual type of self-heating on top
of which is superimposed a large transient temperature pulse
representing the passage of a cool flame. Traces similar to those
shown in figures 3.27.a, b and ¢ were observed at several other
temperatures. In all cases, the slow-combustion reactions preceding
a cool flame were almost isothermal for nearly the whole of the
induction period, giving a maximum temperature rise of ca. 3°k up
to ca. 0.5 sec. before the passage of the cool flame.

Under supercritical conditions, traces similar to the one
shown in figure 3. 27.c were obtained, although the value of ATma.x.

was not consistent for the same initial conditions, and was sometimes

greater and sometimes smaller than ATcr.
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Temperature profiles have been measured along the vertical
diameter of the reaction vessel for reactions taking place at the slow
combustion/cool flame boundary and at initial temperatures of 543°K,
523°K and 513°K; these are shown in figures 3.28.a, b and ¢
respectively. At an initial temperature of 543OK, the temperature
profile appears to be parabolic and is symmetrical about the centre
of the reaction vessel, showing a maximum temperature rise of
20.8%K. At initial temperatures of 523°K and 513 c‘K, the temperature
profile is asymmetric, and the maximum temperature rise in the

gases occurs some distance above the centre of the vessel.



Temperature excess, AT, (°K)

20
16

12

28

20

12

28

20

12

Temperature profiles across the vertical diameter of the

Figure 3. 28

reaction vessel at the critical condition for cool flames.

n-decane ! air = 1:15.0

o |
o) T,. =543°K
I
e T A pri gl Setonn o)
3 0
(b)) T, =523"K
[ gy | bt B
L (o) Tcr=5l3°K -
1]
™ |
38 17 Lisip el Ry o
-4 -2 Centre +2 +4

Distance from vessel centre (cm.)

146



1417

3.2 The combustion in air of fuel mixtures containing

n-decane and 2, 2, 5-trimethylhexane

3.23% Reactant mixture composition

In these studies an overall fuel-air ratio of 1:15 was used,
whilst the relative amounts of n-decane and 2, 2, 5-trimethylhexane

in the fuel were varied.

3.2.2 Phenomena resulting from the observation of pressure

changes

3.2.2.1 Ignition profiles

Figure 3.29 shows the effect on the boundary separating
slow combustion from both cool flames and two-stage ignition of the
composition of the fuel. The presence of up to 10 mole % of
2, 2, 5-trimethylhexane in the fuel has little effect on the position of
the boundary. However, the more n-decane is replaced by the
nonane isomer, the more marked is the increase in the limiting
conditions of temperature and pressure required for a cool flame or
two-stage ignition. This effect is better shown in figure 3.30; this
indicates the variation with mole % of 2, 2, 5-trimethylhexane of the
limiting temperature required to cause spontaneous ignition in the
gas mixture, when this is at an initial pressure of 60kPa.

Figure 3.31 shows an ignition profile for a fuel containing

50 mole % each of n-decane and 2, 2, 5-trimethylhexane and for a
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Figure 3. 29
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Figure 3.31

Ignition profiles for 1:15 fuel air mixtures containing

(@) 50 mole % n-decane and 50 mole % 2, 2, 5-trimethylhexane, ( @),

and (b) pure 2, 2, 5-trimethylhexane, ( @)
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1:15 pure 2, 2, 5-trimethylhexane-air mixture, the latter of which is
incomplete owing to the restricted pressure range -over which the
measurements could be made. Clearly, the single cool-flame region
in the pure 2, 2, 5-trimethylhexane-air mixtures extends over a smaller
temperature range than has been found for pure n-decane-air mixtures
(figure 3.1).

A region of two cool flames has been observed during the
combustion of 2, 2, 5-trimethylhexane, and the pressure/temperature
boundary enclosing this region is similar in size and shape to the
boundary enclosing the two-cool flame region with n-decane.
Furthermore, the position in the pressure/temperature diagram of
the two cool-flame region is almost independent of the fuel composition;
the centre of this region corresponds to a temperature of ca. 565°K
for mixtures containing both the two pure hydrocarbons and equal
proportions of the two components.

Figure 3.31 also shows the effect on the two-stage ignition
profile of replacing 50 mole % of the n-decane in a 1:15 fuel-air
mixture by 2, 2, 5—trimethylhéxane. Clearly, the presence of the
branched alkane in the fuel broadens considerably lobe A relative to

that found with n-decane only, whereas lobe B is markedly depressed.

3.2.2.2 The maximum pressure rise accompanying the first, AP1 ’

and second, A Pz, cool flames
Equation (3.1) has also been shown to hold for the 1:15

fuel-air mixtures studied. Figure 3.32 shows the variation with
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log P0 of log AP1 for these mixtures at an initial temperature of
543°K, and it is clear that both the constants A and m in equation
(3.1) are dependent on the concentration of the branched alkane. The
value of m has been shown to lie between 1.66 and 1.90 for mixtures
containing pure n~decane and pure 2, 2, 5-trimethylhexane respectively.

Figure 3.33 shows the variation with P‘:J and To of the loci
of a constant value for API of 9kPa for fuels containing 50 and 20
mole % 2,2, 5-trimethylhexane, and for a fuel containing pure
n-decane. Clearly the fluctuating nature of the loci is markedly
accentuated by the presence of 50 mole % 2, 2, 5-trimethylhexane,
which gives rise to two well-defined maxima in APl. Furthermore,
these maxima occur at higher temperatures than those occurring for
pure n-decane, which are less well-defined.

The variation of ‘rﬂxP2 with P0 at 563°K is shown in figure

3.34 for pure n-decane, and for fuels containing 20 mole % and 75 mole %

2, 2, 5-trimethylhexane.

3.2.2.3 The rate of pressure rise during cool-flame propagation

Figure 3.35 shows the variation with fuel composition of
the locus of a constant value (50kPa/sec) for the maximum rate of

pressure rise, (dp/dt) " The locus representing a mixture

ax.
containing pure n-decane displays two pressure minima at temperatures
of 503°K and 550°K. The pressure minimum corresponding to the

lower temperature becomes more pronounced and moves progressively

to a higher temperature and pressure as the concentration of
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2, 2, 5-trimethylhexane in the fuel is increased. Whilst similar
changes are observed in the minimum corresponding to the higher
temperature, the general appearance of the curve is unaltered by a

change in fuel composition.

3.2.2.4 Induction periods preceding the first cool flame, T 4

The variation of f[‘l with initial pressure at several initial
temperatures for fuel mixtures containing 10, 30, 75 and 100% mole
2, 2, 5-trimethylhexane is shown in figures 3.36.a, b, ¢ and d
respectively. From these curves, it is clear that, as the proportion
of 2,2, 5-trimethylhexane in the fuel mixture increases, T becomes
more pressure dependent, and for a given temperature and pressure
Tl increases. The latter effect is better illustrated in figure 3.37,
which gives the variation of T with initial pressure for several fuel
compositions at a temperature of 543°K. Figure 3.38 shows the way
in which frl varies with fuel composition in a reactant mixture
maintained initially at a temperature of 553°K and a pressure of
50kPa. Clearly, the presence of the nonane isomer in the fuel
increases Ty relative to the value for a fuel consisting of pure
n-decane. This increase in f['l is very marked when the fuel contains
more than 30 mole % of 2, 2, 5-trimethylhexane.

Values of k, n and C in the equation

‘have been calculated, using the computer programme described earlier, for

fuel mixtures containing 10, 30, 50, 75 and 100% mole 2, 2, 5-trimethyl-
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Variation of T 1 with Po and To for 1:15 fuel : air mixture
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Figure 3.37
Variation of T 1 with PO and fuel composition.
T =543K
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hexane. These values are given in Table 3. 2.

The variation of n with To for some of the fuel mixtures
studied is shown in figure 3.39, from which it can be seen that the
values of n for each mixture oscillate as the temperature increases.
Furthermore, the amplitude of these oscillations increases with the
proportion of 2, 2, 5-trimethylhexane in the fuel. Similar behaviour
is observed with the plots of loglok against longo which are shown
in figure 3.40. The variation of Iong with 1/ T0 for several fuel
compositions is shown in figure 3.41; as the concentration of
2, 2, 5-trimethylhexane in the fuel is increased, the appearance of
the plot changes from two intersecting straight lines to curves with
a point of inflection.

Figure 3.42 shows plots of log;, 7; and logm(‘l‘1 -C)
against log{oP for a fuel containing 10 mole %

2,2, 5-trimethylhexane at 533°K and for the pure nonane isbmer at
593°K. Clearly, the plots for 10g10 T 1 are markedly curved whilst
those for loglo( Vg C) are straight lines. Similar results were
found for the other fuel mixtures studied, but the inclusion of these
in figure 3.42 would have led to confusion.

The variation with 1/'T0 of 7 i for several fuel compositions,
and at a total reactant pressure of 50kPa, is shown in figure 3.43.
It can be seen that the plots vary with fuel composition in a complex
manner. Plots representing all the fuel compositions are a series
of straight lines which, except for the mixture containing pure

2, 2, 5-trimethylhexane, change slope twice.



Table 3.2

Values of k, n and C for several fuel compositions

162

Mole % 2, 2,5-trimethylhexane in the fuel

Temp.
(k) s S %

kx10 n C kx10 n C kx10 n C
493 10.6 0.710.0 - - - = e =
498 12.0 0.6 |14.1 - - - - - -
503 5.1 0.6 | 0.0 Tk 0.6 | 0.0 - - -
513 9.1 1.1110.7 | 4.4 0.7 0.0 B B -
518 - - - - - - 11.0 0.9 | 2.5
523 1.9 1.4 5.5 1.9 1.5 (11.8 - - -
528 - - - B - - 13.0 1.2 B4
633 2.4 1.1 2.956.8 1.3 | 5.9 - - -
538 - - - - - - 30.0 1.6 | 4.5
543 1.4 180 48 8.7 1.7 4.0 - - -
548 - - - - - - 15.0 1.6 | 3.2
553 - - - 2.6 1.6°1%1.98 - - ”
558 - - - - - - 6.8 1.5] 1.9
663 - - - 1.4 1.4 1.1 - - -
568 - - - - - - 9.2 1.8 1 1.3
573 - - - 5.9 1.4 0.7 - - -
578 - - - - - - 5.4 1.8] 0.9
687 - - - - - - 2.2 1.8] 0.8




Table 3.2 continued

75 mole % 2, 2, 5-trimethy-

Pure

AGHE hexane in fuel 2, 2,5-trimethylhexane
(°K)

k n C k n C
513 | 2.8x108 3.5 | 31.9 s 3 s
523 | 8.1x10° 7.5 | 0.0 - . 2
528 2 . - | s.1x10® | 2.2] 0.0
533 | 2.2x10° 1.8 | 7.2| 2.4x10® | 3.2 11.6
543 | 5.4x10% 1.6 | 7.8| 1.2x10% | 2.0| 2.7
553 | 1.1x10° 1.9] 4.8 10m16® | 3.3 -
563 | 2.1x10° 2.3 | 3.7| 6.9x10° ~ . 0.0
573 < 2 - | 2.2x10® | 3.8] 3.7
583 | 4.4x10% 2.2 | 1.3 . 2 2
593 i i 1 aox10? | el sis

163
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Figure 3.39

Variation of n with T and fuel composition
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Logarithmic relationship between k and T0 for

several fuel compositions
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Figure 3.42

Logarithmic variation of P with T, and (T o c) for fuels

containing (a) 10 mole % 2, 2, 5-trimethylhexane and

(b) pure 2, 2, 5-trimethylhexane
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Figure 3.43

Variation of logl0 T4 with reciprocal of To

and fuel composition.

P0 = 50kPa
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3.2.2.5 Induction periods preceding the second cool flame, T 9

The variation with initial pressure, PO, of T 9 at a
temperature of 563°K is shown for three fuel compositions in figure
3.44. The curves are similar to those obtained for pure n~decane-air
mixtures (figure 3.24), but, as the proportion of branched alkane in
the fuel is increased, the minimum value for 7 9 becomes greater,

and the position of this minimum is moved to higher pressures.
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Figure 3.44
Variation of T 9 with Po for several fuel

compositions. T0 = 563°K
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3.3 Spontaneous ignition in asymmetrically heated

n-decane-air mixtures

3.3.1 Ignition temperature limits

Studies have been made of the ignition limits in 1:15
n-decane-air mixtures, at an initial pressure of ca. 55kPa, in the
vicinity of four heated Pyrex glass tubes of different diameter. The
criterion for ignition was that the pressure rise during the reaction
was greater than 5kPa. The lowest temperature of the tube, Ti’
required to cause spontaneous ignition of the mixture, was determined
for each tube for a series of vessel temperatures, To’ between 357
and 493°K.

The variation of ’I‘i with TO for each tube is shown in
figure 3.45. Clearly, for the 2.4 cm. diam. tube, as the value of
To increases towards the spontaneous ignition temperature limit for
n~-decane in an empty spherical vessel, Ti decreases markedly.

The variation of T, with tube diameter, d, for values of
T0 between 423°K and 453°K, is shown in figure 3.46, from which it
can be seen that, for each vessel temperature, Ti decreases with

increasing tube diameter.

3.3.2 Pressure changes accompanying cool flames and two-

stage ignitions

No detailed measurements were made of the maximum

pressure rise accompanying cool flames, API, and two-stage
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Figure 3.45

Variation of '1‘i with T 5 for several different

diameter tubes. PO = 56kPa, vesseldiam. = 10em
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Figure 3.46
Variation of Ti with tube diameter and vessel temperature
P = 556kPa
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ignitions, A Pig’ but in all cases the values of these parameters
were smaller than those measured in an empty spherical vessel.
The variation with tube temperature, Tp, of the maximum

rate of pressure rise in the cool flame, (dp/dt) for a 2.4 cm.

max.’

diam. tube and a vessel temperature of 455°K is shown in figure

3.47. Clearly, (dp/dt) max. decreases markedly as Tp increases

X
above ca. 55301{.

The variation of (dp/dt) with T0 at the critical

max.
condition for ignition (Tp = Ti) is shown in figure 3.48, from which
it is clear that a relationship of the form

i n
(dp/dt) max. ~ constant :

applies.

3.3.3 Ignition delay, T ig

The variation with tube temperature of the induction period

174

preceding the first stage of two-stage ignition, Tig’ is shown in figure

3.49 for a 2.4 cm. diam. tube and vessel temperatures of 373°K and

453°K .

Table 3.3 gives some values of Tig at the critical condition

for ignition for tubes of different diameter and at several vessel

temperatures between 403°K and 453°K.
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Figure 3.47
Variation of (dp/dt)

with T.
MAX =i

T, = 456°K: tube diam. =1.2 cm
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Figure 3.48
Variation of (dp/dt)max with vessel temperature.
E‘p = Ti’ tube diameter = 2.4 cm
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Table 3.3

Values of T ig for each tube and several

vessel temperatures

Tube diam., d. o
torn) TO( K) T ig(secs.)
423
433 33.4
0.64
443 48.3
453 60.0
443 52.0
0.97
453 65.0
423 44.0
433 51.2
1.18
443 59.6
453 70.0
403 30.0
2.40 423 35.6
453 59.0
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DISCUSSION
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SECTION 4

4.1 Physical characteristics of the combustion

of pure alkanes

4.1.1 Ignition profiles

4.1.1.1 n-Decane-air mixtures

Studies of the influence of molecular structure on the
oxidisability of alkanes have shown that the ease of oxidation
increases rapidly with the length of the uninterrupted carbon chain78.
In particular the maximum rate of pressure rise (a criterion of the
ease of oxidation) during the slow combustion of n-decane at low
temperatures (ca. 455°K) has been shown to be approximately a
thousand times greater than that for n-pentane under similar initial
conditions78. Thus, the relatively low spontaneous ignition
temperature limit of 483°K measured for a 1:7.5 n-decane-air
mixture at an initial pressure of 60kPa is not a surprising value, and
is in good agreement with a value of 475°K measured at atmospheric
pressure (101kPa)115.

The two-stage ignition profiles exhibited two 'Lobes' which
have been designated A and B respectively with increase in temper-
ature. On account of the shortness of the induction period (ca. 0.2

sec.) preceding two-stage ignition it has not been possible to complete

the ignition profile above ca. 590°K and thereby ascertain whether or
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not other lobes exist. For the same reason, previous attemptsll6
at measuring autoignition temperatures of n-decane-air mixtures
were abandoned. Two-stage ignition profiles have, however, been
completely measured for other reasonably long-chain n-alkanes

1,117 | 3 ontaneS 116

(n-hexane and n-octaneuﬁ) and these also
exhibit two Lobes which are similar in appearance to those observed
for n-decane.

Since n-decane does not contain a tertiary C-H bond, it
is probably correct to assign to Lobe A an L1 mechanism on the
basis of Lucquin's thecnc'y?0 (Section 1.6.6). Without analytical
evidence, it is not a simple matter to identify Lobe B with an L1 or
L2 mechanism although a preponderance. of the evidence presented
below favoursits association with the latter mechanism.

According to Lucquinqo, the assignment of the L2 mechanism
to Lobe B implies that between Lobe A (Ll) and Lobe B a change takes
place in the nature of the degenerate chain-branching agent. Such a
change should be reflected in the kinetic parameters characteristic
of the combustion reac;tions, and indeed this is found to be the case.
Thus the variations with reciprocal temperature of both T 1 and C in
figures 3.19 and 3.22 show marked changes at ca. 520°K, and so
too do the locus of constant (dp/dt) max. in figure 3.13 and the locus

of constant A P, in figure 3.10. Similarly, both n and k in the

equation



184

(figures 3.20 and 3.21 respectively) pass through distinct minima
at ca. 520°K as the temperature is varied.

Lucquin observedqo that the Lz mechanism is favoured by
a high oxygen concentration so that the induction period preceding the first
cool flame, T 1’ decreases with increasing partial pressure of
oxygen. Figure 3.1 shows that, as the oxygen content of the reactant
mixture is increased,Lobe B extends over a larger temperature
range. Furthermore, in the temperature range defined by Lobe B,

T, decreases with increasing air-n-decane ratio (figure 3.17)
whilst in the temperature region defined by Lobe A, 7 1 shows a
slight increase which, according to Lucquin, is characteristic of an
L1 mechanism.

The two-cool-flame region lies in the ignition profile
within the temperature range defined by Lobe B (LZ). This is not
considered in Lucquin's studies'm which have shown that it is the
L1 mechanism which usually favours cool-flame periodicity. How-
ever, recent studies of the combustion of n-heptane64 have shown
that there is cool-flame periodicity in regions of the ignition profile
associated with all but the lowest temperature Lobe, which extends
from ca. 500 to 530°K. There is therefore possibly a difference
between the multiple cool-flame regions exhibited by normal alkanes
of carbon number greater than six and those exhibited by the less
reactive lower molecular weight alkanes studied by Lucquin?0

From the foregoing discussion, it seems likely that Lobes

A and B are associated with L1 and L2 mechanisms respectively.
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This conclusion agrees with the recent .stssif.g;mnent64 of L1 and L2
mechanisms to Lobes occurring at ca. 510°K and 560°K respectively

on the two-stage ignition profile for n-heptane.

4,.1.1.2 Other alkane-air mixtures

The variation with molecular structure of the ease of
oxidation of a hydrocarbon has been shown to be a function of the
number of methyl groups in the molecule; such groups apparently

exert a specific stabilizing effect on the molecule as a wholeua.

Cullis and Hinshelwoodlzo

attributed to the methyl group a stabilizing
effect of unity at an adjacent carbon atom, and then assumed that
this stabilizing effect decreased by one third on each carbon atom
successively further removed from the methyl group. Thus it is
possible to calculate a combined stability factor, S, for oxidation
taking place at all the carbon atoms in the molecule (neglecting methyl
groups), the lowest overall value of which is characteristic of the
ignitability of the hydrocrabon and therefore offers a means of
comparing the relative ignitabilities of different hydrocarbons.

In the example given below, values of S have been calculated

for attack at the different carbon atoms in 2, 2, 5~trimethylhexane.

(CH3)3-C-CHz—CHZ-CH-(CHs)z
(@d ® (o)

For attack at carbon atom (a)

S=3(1x1/3)+2(1x1/3x1/3) = 1.22
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for attack at carbon atom (b)

8=3{1x1/83x1/3)+2(1x1/3) = 1.0
while for attack at carbon atom (c)
S=3(1x13x18x1/3)+2x1 = 2.11

Thus, the minimum stability factor of S = 1.0 is taken for this alkane.
Characteristic stability factors have been calculated in a similar
way for several other alkanes of different molecular structure, and
these are given in Table 4.1 together with the corresponding spon-
taneous ignition temperatures measured at a pressure of 60 kPA
(Section 3.1.1.1 (b). It is clear from Table 4.1 that, as the value
of S increases, so too does the spontaneous ignition temperature,
although the relationship does not appear to be quantitative.

Table 4.1 also shows that, with all alkanes except
2, 2,3 ~trimethylbutane, a CI-I2 group is associated with the lowest
value of S. The significance of this result is not certain, but it has
been proposed119 that initial attack by oxygen at a CI-I:‘1 group leads
subsequently to the formation of a peroxy compound which is relatively
little affected by the stabilizing influence of methyl groups and may
therefore be an important chain-branching agent, contributing
considerably to the overall oxidation rate. On the other hand, whilst
initial oxidation of the fuel molecule may occur most frequently at a
CH group, such attack contributes little to the overall oxidation rate
since the chain~branching which follows is relatively unimportant.

It has been suggested that the ease of the low temperature

oxidation of an alkane is governed to a large extent by the stability



Table 4.1

Calculated values of minimum stability factors

for several alkanes
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Alkane Molecular structure Minimum |S.I.I. at
stability 60kPa(CK)
factor (S)
*
2-methylheptane (CH3)2 CH CI—I2 CH2 CH2 CH3 0.55 497
*
2, 5~dimethylhexane (CI—I3)2 CH CH, CH2 CH (CHs) 9 0.90 499
*
2, 2, 5-trimethylhexane (CH?’)3 i CH2 CH2 CH (CH3)2 1.00 529
*
2,4-dimethylpentane (CH3)3 CH CH, CH (CH:),)2 1.38 544
*
2, 2, 4-trimethylpentane (CH3)3 C CH, CH, (CH3)2 1.66 548
*
2, 2, 3~trimethylbutane (CH3)3 C CH (CH3)2 3.00 #

* Carbon atom for which S is a minimum.

# No cool flames or two-stage ignitions observed at 60kPa pressure.
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of the peroxides derived from it, and Hinshelwood prcaposedlz0 that
the apparent increased stability of a peroxy-linkage when adjacent
to methyl groups was due to strengthening of the 0-0 bond as a
result of the electron-donating ability of the methyl group.

Sa.lc:u:;ja.l“z1 investigated the combustion processes leading
to ignition of isomeric hexanes and showed that the cool-flame activity
of these hydrocarbons is related to the number of CH2 groups in the
molecule. Thus, 2, 2-dimethylbutane shows low cool flame activity
whilst n-hexane shows much more. The presence of tertiary
hydrogen atoms in the hydrocarbon molecule was shown to have a
strong influence on its ignition tendencylzl. Hence, the ignitability
of 2,3-dimethylbutane was found to be higher, but the overall

oxidisability was shown to be lower than that for 2, 2-dimethylbutane.

4.1.2 Pressure changes accompanying cool flame combustion

The maximum pressure rise accompanying the passage of
a cool flame, AP , in a reaction vessel of constant volume results
cf
from both a temperature rise due to the exothermicity of the reaction

and a simultaneous increase in the number of molecules present.

Sokolik and Y:,-mtc)furskiil22 have shown that a relationship of the form:

Pcf
P
0

= C +AP

0
holds for the combustion of isooctane-air mixtures, where C and A
are constants and Pc f is the maximum total pressure change attained

as a result of the passage of the cool flame through the reactant
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volume. The above equation was modified to give
AP, = (C-1) P + AP °
and this was approximated to an equation of the form

AP, = APOm, (4.1)
where m for most hydrocarbons lies between one and two.

Since the cool-flame process involves a spreading of the
reaction zone throughout the mixture volume, APC £ does not
characterise the reaction kinetics. However, figure 4.1 shows that
values of m in equation (4.1) vary with To in a complex manner for
the first cool flame in a 1:10 n-decane-air mixture. Indeed, the
variation with To of m is qualitatively similar in shape to the two-
stage ignition profile. Thus, from equation (4.1), it is to be

.
expected that the variation with To of &P1 at constant pressure will
follow the fluctuating values of m. This is shown to be the case in
figure 310, from which it can also be seen that the two A Pl maxima
lie in temperature regions defined earlier in terms of L1 and L2
reaction mechanisms.

Similar results have been found for the high pressure

73, T4

oxidation of n-heptane and isooctane With these systems, AP

1
maxima were shown to be in low temperature and high temperature
regions which were thought to be associated with chain~-branching
reactions involving peroxides and aldehydes respectively. Whilst

A P1 may not be directly related to the reaction kinetics of cool-flame

combustion, the magnitude of this pressure change appears to be

related to the ease with which two-stage ignition can occur. Thus
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at the temperatures where the locus of constant A P1 reaches a
maximum value, two-stage ignition takes place most easily.
Possible explanations for the dependence on the magnitude of A P1
of the ease with which two-stage ignition takes place are given in
Section 4.1.4.

The rate of pressure rise in cool flame combustion is
proportional to the rate of heat liberation per unit volume and hence
to the overall oxidation rate. The loci of constant ( dp/dt)max.
shown in figure 3.13 reflect a change at ca. 520°K in the reaction
kinetics, and the rate of reaction indeed decreases markedly between
510 and 520°K. This change is probably associated with the changing
importance of chain-branching agents, or of reactions leading to
them, which characterise L2 and L1 mechanisms above and below
520°K respectively.

At temperatures below ca. 520K the effect on (dp/dt)max.
of increasing the air-n-decane ratio is quite small, as is shown in
figure 3.14. A similar finding has been reported for the low
temperature slow combustion of n-pentane78. In these studies, it
was shown that the results could be reproduced from purely theoretical
considerations by using a kinetic scheme involving an alkylhydro-
peroxide as the degenerate chain-branching agent. This therefore
favours the view that an I..1 mechanism is characteristic of the

important chain-branching reactions in the temperature range defined

by Lobe A.
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4.1.3 Induction periods preceding the first cool flame, T 1

A relationship of the form

1

where the values of k, n and C vary with temperature, has been shown

T, = kpo”“ + C 4.2

to hold for the n-decane-air mixtures studied. It is clear from
equation 4.2 that, as Po is increased, T 1 approaches the value of
C which must be the shortest possible induction period at a given
temperature. C must therefore be related to the net branching
factor which will depend on the effectiveness of the chain-branching
process. Arrhenius plots of log C against I/T0 for several n-decane~
air mixtures display two linear portions which intersect at a value
for T of ca. 523°K (figure 3.19). This value corresponds to a
temperature midway between Lobes A and B on the two-stage ignition
profile. Thus, it appears that a change in the nature of the chain-
branching agent takes place at ca. 523°K supporting the contention
that different chain-branching processes are im'portant in Lobes A
and B. Similar results have been reported for the cool-flame
combustion of isobutaneu?’, where it was also shown that the values
of C at a given temperature were independent of the nature of the surface
of the reaction vessel.

k and n have been found to vary with temperature in such
a way that they reflect the two-stage ignition profile. Similar results
have been found with isobutaneus, and it has therefore been proposed

that these parameters are interdependent or both dependent upon a

third variable. Yantovski173 has shown that the values of n for
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n-heptane and isooctane vary with temperature in a similar manner,
and has denoted n as the overall order of reaction. For a given
temperature the values of k, n and C vary in a seemingly arbitrary
manner with mixture composition.

A relationship of the form

T, = constant exp (E/RTO)

has been shown to hold for the combustion of n-heptane and isooctane
at an initial pressure of 3 atmospheres73, where E represents the
overall activation energy of the pre-flame reactions. At these high
pressures, it is likely that the value of T will be close to the
corresponding value of C at a given temperature. Indeed, the slope
of plots of log 'rl against 1/’1‘0 has been shUWn73 to change sharply
at a particular temperature, and two values for E can thus be
calculated. The change in the value of E may well be connected with
the effect of temperature on the nature of the preflame reactions.
Similar results have been found for all the n-decane-air mixtures
studied where the value of E changes sharply at ca. 523°K.

Clearly, E is not an absolute thermodynamic property of
a specific reaction since, even during the pre-flame stage, the
oxidation mechanism is complex. In the temperature range defined
by Lobe A, a value for E of ca. 42.5k ca.l.mole"l was calculated
for all the n-decane-air mixtures studied, and was found to vary
very little with pressure. Similar values for E have been reported

123

for the cool-flame combustion of n-butane (46 k cal.mole"l),

1

isobuicane124 (56 k cal.mole_l) and n-pentane114 (49 k cal.mole ")
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in the low ~-temperature regions of their corresponding ignition profiles.
At higher initial temperatures, E varies between 28 and 33 k cal.mole_l
for the 1:15 n-decane-air mixture, compared with the corresponding

values of 25, 27, 20 and 31 k cal.mole—'1 reported for n-butanelzs,

ir:*,obutamel24 , and n-—pentanelM’ 125 respectively.

It was shown in Section 3.1.1.4 that E is almost independent
of air-n-decane ratio in the temperature range defined by Lobe A.
At higher temperatures, however, the value of E increases from 20
to43 k cal.mole"1 as the air-n-decane ratio is changed from 7.5 to
25.0. This increase results in a corresponding decrease with
air-n-decane ratio of ’r’l at constant temperature; this trend becomes
more pronounced as the temperature is raised and has been shown to
be characteristic of the L2 mechanismqo. ‘Whilst E is thermo-
dynamically imprecise, its magniture may provide a useful means of
comparing, under similar .conditions, the relative ignition tendencies
of hydrocarbons having a different molecular structure. In making
such a comparison, the values of E for each hydrocrabon must relate
to similar temperature regions of the ignition profiles, eg. those
within the temperature range defined by the lowest temperature Lobe.
Sokolik has shownqé that the empirical equation

ON = 180 - 5E 4.3
where ON is the octane number of the hydrocarbon, holds for hydro-
~carbons of different molecular structure. This equation was

calculated from results obtained by several investigators studying

high pressure combustion under both static and dynamic conditions.
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Clearly, according to equation 4.3, E decreases as the octane number
of the fuel increases. 01;»e1:'dorfer126 has, however, found the
reverse to be the case and has shown that E for isomeric hexanes
increases with the degree of branching in the molecule, and hence
with the octane number. Values of E which have been measured for
the cool-flame combustion of isobut:a,ne124 (56 k cal.moleﬂl) and
n—pentaneim (49 k cal.moleﬁl) also indicate that this parameter

increases with decreasing ignition tendency of an alkane.

4.1.4 Induction periods preceding the second cool flame, T 9

the second stage of ignition, T ig! and the ignition

effect pulse, 7 ie

Many of the products of the first cool flame, eg. aldehydes ,

are known to be more easily oxidised than the parent hydrocarbons.
It is to be expected therefore that the first cool flame will inﬂuénce
both the reactions leading to subsequent cool flames and the second
stage of ignition. Indeed, for n-decane combustion, the dependence
on APl of the second stage of ignition has already been demonstrated
(Section 4.1.2). Furthermore, for initial pressures up to ca. 60kPa,
'I’i g for 1:15 n-decane-air mixtures has been shown (figure 3. 26) to
be related to the maximum pressure rise accompanying the first

cool flame, AP1 by an equation of the form

v. = 219.0 AP1“2'1

1g
Figure 4.2 shows the variation with pressure of both 7 5

and 't'z at 560°K. It is interesting to observe that, when the ignition
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effect pulse is first visible at ca. 10kPa, T 9 suddenly increases

and continues to increase with pressure until a limit is reached
beyond which a second cool flame can no longer propagate. Thus

the cause of the ignition effect pulse appears to have a delaying effect
on the reactions giving rise to the second cool flame. This behaviour
may be expected if similar chain-branching reactions are responsible
for both the ignition effect and the second cool flame, or if products
of the first cool flame, which play an important role in reactions
leading to the second cool flame, are partially consumed in the
ignition effect pulse. A pressure pulse occurring as a shoulder on
the first cool flame has also been observed in the oxidation of
n-bu‘canelz3 and n-pentanelm, With n-butanelza, the ignition

effect also influenced subsequent cool flames and became the pulse
representing the second-stage, hot ignition at sufficiently high
pressures. The change with time in the concentratiomsof products
formed during the first cool flame did not show any trends character-
istic of branching agents which could be responsible for hot ignition.

Fish et.al. 121

in their studies of the combustion of 2-methylpentane
concluded that products formed during the first cool flame acted as,
or led as a result of further reaction to, degenerate chain-branching
agents which are responsible for the second-stage, hot ignition.

The identity of these agents was not established, although it was
thought that they are compounds, such as aldehydes, with readily

abstracted hydrogen atoms.

Recent studies of the two-stage ignition of n-butane-oxygen
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mi}s:i:ures128 have shown that, at least for this alkane, hydrogen
peroxide is probably the degenerate chain-branching agent responsible
for the second stage of ignition. This result is in good agreement
with the work carried out by Oberdorferl% on the cool-flame
combustion of isomeric hexanes, in which it was shown that,
immediately after the first cool flame, the hydrogen peroxide
concentration rises sharply to a maximum and then decreases

gradually.
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4.1.5 Temperature changes in 1:15 n-decane-air mixtures

For a 1:15 n-decane-air mixture at an initial temperature
of 5430K, the propagation of cool flames is just possible above a
critical pressure, Pc - of 5.9 kPa. Under these conditions, the
temperature profile of the reacting gas mixture (measured along the
vertical diameter of the reaction vessel) is approximately parabolic,
and symmetrical about the centre of the vessel where a maximum
stable temperature rise, ATcr’ of 219K occurs (figure 3.28(a)).
Such symmetry indicates that, during the reaction, heat loss through
the gases to the vessel wall takes place purely by conduction. Under
these conditions, Frank-Kamenetskii's equationg7

% 1.60RT02/E (4.4)
may be used, and this gives a value for E of 44.6 k cal,mole™t,
The validity and accuracy of equation 4.4 have been tested and proven
using systems with established kinetics®® 199, 102, and thus this value
for E is probably correct. There is, however, a considerable
difference between this value for E ( 44.6 k cal.mole_l) and the
value of ca. 30k ca.l.mole'l calculated at the same temperature from
induction period data. Nevertheless, there is good agreement
between the value of E calculated from induction period data below
ca. 523°K (42.5k cal.molehl) and the value calculated from equation
4.4 above. It is possible that E changes very little with temperature,
at least below 543 C'K, for reactions taking place under the critical

conditions of temperature and pressure existing at the slow combustion/

cool-flame boundary. Indeed, the absence of Lobes on the boundary
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supports this,since the variation with temperature of E is thought
to be responsible, in part, for the occurrence of Lobes on the two-
stage ignition profile.

At 523°K and 9.1kPa, the maximum stable temperature
rise in the reacting gases occurs at a point on the vertical diameter
1 cm. above the vessel centre, and the temperature profile is
approximately parabolic and symmetrical about this point (figure
3.28(b)). Clearly, convective heat transfer in the gases becomes
significant under these conditions, although not pronounced enough
to distort the temperature profile.

At 513°K, P for a cool flame is 12.8kPa and, under
these conditions, convective heat transfer becomes important. At
the critical condition, the symmetry of the temperature profile is
lost and the maximum stable temperature rise occurs 2 cm. above
the vessel centre (figure 3.28(c)).

‘When a value for E of 44.6 k cal.mole-l is substituted
into equation 4.4, the calculated maximum stable temperature rise
at the vessel centre, ATcr (calc.), is 19. 5°K and 18.7°K for
initial temperatures of 523°K and 513°K respectively. The corres-
ponding observed values, AT_ (obs.) are 20.0°K and 16.0°K.
Thus, as the initial temperature is lowered and Pc - increases,
com.rective heat transfer becomes increasingly important and the
ratio ATcr (cale.)/ A Bk (obs.) exceeds unity. These results

100

are similar to those reported by Ashmore et.al. , who also showed

that convective heat transfer in gases becomes significant when the
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Rayleigh Number exceeds a value of 600, and that, when Ra is less
than 600, the ratio ATcr (cale.)/ ATcr (obs.) is approximately
unity.

The Rayleigh number, Ra, is defined by Ra = gcnd3 ATp 2Cp/'”\ 4
where g is the acceleration due to gravity, a is the coefficient of
thermal expansion of the gas, d is the characteristic dimension of
the vessel, in this case the vessel radius, p is the gas density, Cp
is the heat capacity of the gas, 1is the gas viscosity, A is the gas
thermal conductivity, and AT is the temperature excess of the gas
over its surroundings. Some values of Ra have been calculated for
1:15 n~-decane-air mixture under the three critical conditions discussed
above, i.e. at 54301(, 523°K and 513°K, and these are given in Table
4,2 together with the corresponding values of AT, . (cale.)/ A T (obs.).
In these calculations, AT was taken to be ATcr (calc.), A and Cp for
the gas mixtures were computed using Brokaw's rule129 based on
simple and reciprocal gas mixing and n for the gas mixtures was

calculated using Wilke's estimation methodlso. In these calculations,

literature values calculated at the appropriate temperature of n 138,

Cp138 and A 139 were used for n-decane, oxygen and nitrogen.

Adopting Ashmore's criterion for Raloo

, Table 4.2 shows
that convective heat transfer should just become significant at 523°K;
this is in excellent agreement with the temperature at which the
temperature profile in the reacting gases just ceases to be symmetrical

about the vessel centre. These results therefore confirm that, when

Ra exceeds a value of ca. 600, convective heat transfer becomes



Values of ATcr (calc.)/ AT . (obs.) and

Table 4.2

corresponding Rayleigh numbers

Pcr’ Tcr’ A Tcr(calc.) Ra

(kPa) °k) | AT,.(obs.)

5.9 543 1.0 943

9.1 523 0.98 616
12.8 513 115 1250

202
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significant and equation 4.4 hence leads to inaccuracies in the value

of E.
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4.2 Physical characteristics of the combustion of fuel

mixturescontaining n-decane and 2, 2, 5-trimethylhexane

4.2.1 Ignition profiles

All fuel mixtures containing 10 mole % or more of
2,2, 5-trimethylhexane are less readily ignitable than pure n-decane,
and at a pressure of 60kPa the spontaneous ignition temperature of
pure 2, 2, 5-trimethylhexane is 529°K compared with 486°K for pure
n-decane. The difference in ignitability of these alkanes is in
agreement with the difference in the values of their minimum stability
factors, S, which are 1.00 and 0.05 respectively. As was shown
earlier (Section 4.1,1.2) the relationship between S and the spontaneous
ignition temperature of an alkane is only qualitative. Moreover,
the relative magnitudes of S for different alkanes probably indicate
the relative oxidisability rather than the ignitability of the alkanes.
Thus a quantitative relationship may exist between S and the cool-
flame induction period or the maximum rate of cool flame oxidation
of different alkanes measured under the same experimental conditions.

At an initial pressure of 60kPa, the spontaneous ignition
temperature of a fuel containing 30 mole % of 2, 2, 5-trimethylhexane
is only 6°K greater than that for pure n-decane, indicating that the
ignitability of the mixture is influenced more by n-decane than by the
nonane isomer. This result is in agreement with the results of
Sa.looja37, who has shown that, generally speaking, the ignitability

of a binary fuel mixture, whose components display similar pre-flame
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reactivity, is influenced to a greater extent by the more readily
ignitable component than by the less readily ignitable one.

A region of two-cool flames exists for all fuel mixtures
and the size, shape and position in the ignition profile are almost
independent of thé mixture composition. It is possible, therefore,
that similar types of products are formed in the first cool flame of
both pure n-decane and 2, 2, 5-trimethylhexane, and that these
products play an important role in reactions leading to the second
cool flames of both alkanes.

The addition of 2, 2, 5-trimethylhexane to n-decane broadens
considerably Lobe A (LI) relative to that for pure n-decane, but
causes Lobe B (L2) to become very weak. This behaviour can be
explained in terms of the expected effects of the nonane isomer on
the L1 and Lz mechanismsm. Thus, the L1 mechanism is probably
crsl.u:?.ed70 by initial hydroperoxidation involving hydrogen donors, XH,

R02+XH-—-—-R02H + X 4.5
and 2, 2, 5-trimethylhexane, containing a relatively weak tertiary
C-H bond, may fill the role of XH. At higher temperatures, where
the L2 mechanism is probably responsible for Lobe B, the intra-
molecular isomerisation and decomposition of RO2 radicals is fast,
and the bimolecular reaction 4.5 becomes relatively unimportant.

In view of this, the presence of 2, 2, 5-trimethylhexane in the fuel
will not enhance its pre-flame reactivity, and may even reduce it

owing to the greater resistance to oxidation of the nonane isomer

relative to n-decane.
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4.2.2 Pressure changes accompanying cool flame combustion

It has been shown (figure 3.32) that, as the concentration
of 2, 2, 5-trimethylhexane in the fuel mixture is increased, the magni-
tude of the maximum pressure rise accompanying the first cool
flame, A P,, becomes more dependent on the initial pressure, ie.

m in equation 4.1

AP, = AP ™ 4.1
increases. Thus, under the same initial conditions of temperature
and pressure, .AP1 decreases with increasing 2, 2, 5~-trimethylhexane
concentration as shown in figure 4.3. This is probably due to the
greater resistance to oxidation of the nonane isomer. These results
are in general agreement with those reported by Caplanml, who
studied the effects on precombustion reactions in a firing engine of
varying the molecular structure of the fuel components.

It was shown in Sections 4.1.2 and 4.1.4 that the magnitude
of APl in n-decane-air mixtures influences the ease with which two-
stage ignition occurs. Indeed, the variation with To and Po of the

locus of AP, was shown to reflect the shape of the two-stage ignition

1
profile. Similar results were obtained for mixtures containing both
2,2, 5-trimethylhexane and n-decane as shown in figure 3.33. This
figure shows two interesting features. In the first place the low
temperature pressure maximum, visible in each of the curves,
increases markedly in amplitude and occurs at higher temperatures

with increasing concentration of 2, 2, 5-trimethylhexane in the fuel.

This maximum takes place at a temperature corresponding to a point mid-



{_\'Pl (kPa)

Figure 4.3

Variation of A P1 with fuel composition.

T =5439K: P = 50kPa

25 —

20 —

19 f-

i X

mole % n-decane in fuel

207



208

way between Lobes A and B in the two-stage ignition profile, where
a narrow region of negative temperature coefficient of reaction rate
is thought to exist. Figure 3.33 indicates therefore, that such a
region becomes more pronounced with inéreasing concentration of
2,2,5-trimethylhexane in the fuel.

The second interesting feature of figure 3.33 is that the
pressure minimum corresponding to Lobe A (LI) in the two-stage
ignition profile extends over a larger temperature range, and that
the minimum corresponding to Lobe B (Lz) extends over a smaller
temperature range with increasing concentration of 2, 2, 5-trimethyl-
hexane in the fuel. This behaviour is expected from the earlier
discussion of the effects on Lobes A and B of increasing concentrations
of 2,2, 5-trimethylhexane in the fuel.

Similar conclusions may be drawn from the variation with

'I'0 and P0 of the loci of constant (dp/dt)m for several fuel

ax
compositions. These curves (figure 3.35) confirm the existence
of a narrow region of negative temperature coefficient of reaction
rate between Lobes A and B which becomes more marked with
increasing concentration of 2, 2, 5-trimethylhexane in the fuel.

The pressure rise accompanying the passage of the second
cool flame, A P,, has been found to be proportional to P (figure 3.34).
A large proportion of the pressure rise denoted by A I‘-’2 must be
ascribed to the oxidation of primary fuel since only 10 mole % of

the fuel at the most reacts in the first cool flame. Furthermore,

some of the products of the first cool flame are probably more



resistant to oxidation than the fuel itself.

4.2.3 Induction periods preceding the first cool flame,r

1
Equation 4.2

=1

% =kP0 + C 4.2

1
has been shown to hold for all the fuel-air mixtures studied, and the
significance of the parameters k, n and C, was discussed in Section
4.1.3. The variation of log ¢ with I/T0 is complex, and changes
from two intersecting straight lines for a fuel containing 10 mole %
of 2,2, 5-trimethylhexane to a series of curves with points of
inflection for fuels containing more than 10 mole % of the nonane
isomer. The temperature at which the two straight lines intersect,
533°K, corresponds to the temperature between Lobes A and B on
the two-stage ignition profile. Hence, as with the combustion of
pure n-decane, C is thought to be related to the nature of the chain-
branching reactions, or of other reactions associated with them,
which changes at ca. 533°K.

For the other fuel-air mixtures, the point of inflection
occurs at a temperature of ca. 54001(, and becomes more pronounced
with increasing concentration of 2, 2, 5-trimethylhexane. The non-
uniformity of these curves reflects the complex nature of the chain-

branching reactions which probably involve the interaction of the

alkanes. At ca. 540°K, it would appear that there is a fundamentally

important change in the nature of the chain-branching reactions which

is independent of the composition of the fuel.

209
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Values of k and n in equation 4. 2 oscillate with temperature
in such a way that they reflect the shape of the two-stage ignition
profile. Thus, as with pure n-decane-air mixtures, k and n appear
to be interrelated or to be both dependent on a third variable. Whilst
there is no apparent relationship between values of k or n and fuel
composition, at a given temperature the values increase in magnitude
with an increase in the proportion of 2, 2, 5-trimethylhexane in the
fuel.

The variations of log T 1 with 1/’1‘o for the fuel-air mixtures
show interesting trends. In the corresponding low-temperature region
of the ignition profiles, the slope of the straight lines, ie. E/2.303R
is inversely proportional to the concentration of 2, 2, 5-trimethylhexane
in the fuel in the range 10 to 75 mole %. The relationship between E
and the fuel composition is shown in figure 4.4. It is apparent,
therefore, that, if E is related to the chain-branching reactions or
to other associated processes,then these reactions taking place during
the oxidation of n-decane are made energetically more favourable by
the presence of 2, 2, 5-trimethylhexane. The decréase in ignitability
of fuel-air mixtures with increasing concentration of 2, 2, 5-
trimethylhexane in the fuel _is not, therefore, the result of a change
in the value of E.

Another interesting feature of these plots in the low
temperature region of the ignition profile is that, when extrapolated,
they converge to a point corresponding to a temperature of 4860K,

this being the minimum ignition temperature for pure n-decane at a



Figure 4.4

Variation of E with fuel composition.
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pressure of 50kPa.

In the high temperature region of the ignition profiles for
fuels containing from 10 to 75 mole % 2, 2, 5-trimethylhexane the
plots of log T | against 1/'I‘0 are complex, in some cases displaying
a slight change of slope. The overall activation energy varies from
ca. 20 to 30 k cal. m(:ole-:l and doe_s not appear to be dependent on
fuel composition.

For pure 2, 2, 5~-trimethylhexane, the plot of log v 1 against
1/'1‘0 displays two straight lines of different slope Which intersect at
a temperature of ca. 545°K. From the slopes of the lines, E has
been calculated to be 45.0 k cal.mole” ! and 21 k cal. mole™ in the

low and high temperature regions of the ignition profile respectively.

4.2.4 Induction periods preceding the second cool flame, T 9

Under the same initial conditions of temperature and pressure,

Ty increases with increasing c'oncentration of 2,2, 5-trimethylhexane

in the fuel. Thus, the reactions leading to the second cool flame in
n-decane-air mixtures are retarded by the addition of the nonane
isomer. The variation of T 9 with Po for fuel-air mixtures shows a
minimum in ¢ 9 Wwhich is probably associated with the appearance of
an ignition-effect pulse as a shoulder on the first cool flame as was
observed for pure n-decane-air mixtures (Section 4.1.4). This is
indeed the case for a fuel containing 20 mole % of 2, 2, 5-trimethylhexane
for which the ignition effect pulse first becomes visible at a pressure

of ca. 22 kPa. For the fuel containing 75 mole % of nonane isomer,

the ignition effect pulse is very weak and the initial pressure at Which
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it first becomes visible is difficult to ascertain.

A further increase in Po above the pressure corresponding
to the minimum in Ty results in a dramatic increase in T 9 This
increase is possibly due to the further reaction in the ignition-effect
pulse of products of the first cool flame, these products playing an
important role in the reactions leading to the second cool flame.

These results, together with the fact that there is a marked
difference in general appearance between the first and second cool
flames, indicate that the periodic cool-flame phenomena in pure
n-decane-air mixtures and fuel-air mixtures may be described by

Frank-Kamenetskii's "two-product" theory132.

This theory involved
a reaction scheme of the type:

A +xXx—B + 2x

X +y—=B + 2y

A +y —B
Where both x and y are branchin‘g agents, A is the fuel and B is a

non-reactive product. It has been shown133

that even in a closed
system, ie. Where the concentration of A is limited, the concentrations
of X and y may pass through successive maxima and minima provided

that appropriate values are chosen for the reaction rate coefficients

and the initial concentration of A.
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4.3 Spontaneous ignition in asymmetrically heated

n-decane-air mixtures

4.3.1 Ignition temperature limits

The minimum temperature of the glass tubes, Ti’ required
to cause spontaneous ignition in the gas mixture decreases as the
vessel temperature, To’ is increased. This decrease in Ti becomes
dramatic as To approaches 48801{, the minimum spontaneous ignition
temperature for n-decane in the empty vessel. However, when 'I‘0 =
4880K, ignition does not occur until the temperature of the 2.4 cm
diam. tube has been raised to 510°K. This is probably due to an incre-
ased surface volume ratio in this vessel compared with that of the
empty vessel. Similar results were obtained by Macdonald134 in
studies of the ignition of aviation kerosene by hot pipes. It is
expected that Ti for the vessels containing other tubes will lie between
488°K and 510°K when T _ = 488°K.

A temperature difference of 2 or 3°K between the tube and
sphere is sufficient to raise the Rayleigh number of the gas to about
1000, which indicates that convective heat transfer will be significant.
Thus, in all the hot-tube-in-a-sphere studies, convection probably
plays a major role in heat transfer.

The rate of loss of heat from the tube to the gas should

follow a Newtonian Law, viz:

dgy/dt =XS (T - T ) 4.6
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where X = heat transfer coefficient, cal.sec. o, =%

S = surface area of tube, cm:‘.)

Tp = tube temperature, °k

T s (Tp + TO)/Z
Values of X were calculated from the Nussett number, Nu,
where Nu=Xd/A (Tp - Tm) 4.1
and d = diameter of tube,
for each tube at the critical condition for ignition, (Tp = Ti)‘
Appropriate Nussett numbers were obtained from a plot of log Nu
against log Ra (Ra = Rayleigh number) prepared from the results of
experimental studies of gases filling cylindrical annuli in which the
inner cylinder is hotter than the outer cylillder135. Rayleigh numbers
were calculated as in Section 4.1.5, using d as the characteristic
dimension of the system.

Some values of dqudt for each tube at the critical condition
for spontaneous ignition, are given in Table 4.3,and figure 4.5 shows
the variation of dq,/dt with T . From this figure it can be seen
that, as T  approaches 488°K, dqlfdt becomes less dependent on tube
diameter. However, as To is lowered, there is divergence in the
values of qu/dt for each tube.

"~ Some values for the total amount of heat supplied by the hot
tube, Ql’ during the induction period preceding ignition, T ig? have
been calculated and these values are given in Table 4.3 (Q1 = product
of i and dq,/dt). Clearly, the values of Q; for a given tube are

almost independent of T, and, with the exception of the 0.64 diam.



the critical condition for spontaneous ignition

Values of dq,/dt and Q 1f0r each tube at

Table 4.3

d T, T Tig | dgy/at Q
(em) (°K) (°K) (sec.) | (cals.sec” 1) (cals.)
433 603 33.4 0.51 17.0
0.64 443 595 48.3 0.46 22,2
453 586 60.0 0.39 23.4
443 585 52.0 0.52 27.0
0.97
453 576 65.0 0.43 27.9
423 590 44,0 0.69 30.3
433 588 51.2 0.62 3t
1.18
443 579 59.6 0.53 S51.8
453 066 70.0 0.43 30.1
373 590 27.0 1.85 36.4
403 578 30.0 1.07 32.1
2.4
423 568 35.6 0.87 31.0
453 542 59.0 —_— 28.3

216



T (°K)

Figure 4.5
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tube, do hot vary appreciably with tube diameter. Thus, it appears
to be necessary to supply a critical amount of heat to the gas mixture
before spontaneous ignition can occur. This critical amount of heat
may be required to raise a volume element of th.e gas mixture to a
temperature at which the rate of heat generated by the reaction,
dqr/dt, is greater than that lost by convection and conduction from
the volume element, dqudt. Once this condition is attained, the
reaction process in the volume element can probably propagate
independently of the hot tube and lead to spontaneous ignition through-
out the gas mixture. Indeed, Macdona1d134 has provided good
evidence that zones of recirculation are set up some way from a

hot pipe in which, under favourable conditions, reaction continues

to take place, leading eventually to spontaneous ignition.

4.3.2 Pressure changes accompanying two-stage ignition

Although a detailed study was not made of the overall
pressure rise, AP, accompanying two-stage ignition in asymmetrically
heated n-decane~-air mixtures, values for AP were always lower than
those measured at the same initial pressure in an empty spherical
vessel. However, the ignition event was _of a longer duration than in
the empty vessel and the final overall pressure rise, APOD , was
similar in both systems; viz. ca. 15kPa.

Values for the maximum rate of pressure rise preceding
the first stage of two-stage ignition, (dp/dt)max. , were always
smaller than values measured at an initial pressure of 55kPa in an

empty spherical vessel. This is understandable since a major
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contribution to (dp/dt)max. is made by the rate of temperature rise
in the gas which will be smaller in the hot-tube~in-a-sphere experi-
ments owing to a greater rate of heat loss to the walls of the cooler
spherical vessel.
At the critical condition for ignition, (Tp = Ti), (dp/dt) I
increases exponentially as To increases. Figure 4.6 shows a
logarithmic plot of (dp/dt)max. against TO, which is indeed a
straight line. From this line, the characteristic constants have
been calculated and these give rise to a relationship of the form
(dp/dt')m T 3.24

=85 x 10 T
ax. 0
The marked decrease in (dp/dt)m &

- with increasing tube
temperature above ca. 560°K (figure 3.47) highlights a large region
of negative temperature coefficient of reaction rate. This is in good
agreement with the position of the region of negative temperature

coefficient reflected in the two-stage ignition profile above ca. 565°K

(figure 3.1).

4.3.3 Induction periods preceding two-stage ignition, T

ig
The induction periods preceding spontaneous ignition, T ig’
in asymmetrically heated n-decane-air mixtures varied from ca. 3 to
70 seconds depending on the tube and sphere temperatures. Thus,
the range of values for Tig were similar to those measured for
spontaneous ignition in symmetrically heated n-decane-air mixtures

in the temperature interval 480 to 570°K.

For a fixed sphere temperature, T ig is more dependent



Figure 4.6

Variation of log, , (dp/dt)max. with log, T ~under conditions
when Tp = Tig' Tube diam. = 2.4 cm
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on Tp than it is on To in the empty spherical vessel. Thus, in the
latter vessel, an increase in To of 30°K causes ig to decrease by
a factor of 10. However, in the hot-tube-in-a-sphere experiments,
a similar decrease in Tig is brought about by an increase in Tp of
only 10°K.

For the 2.4 cm.diam. tube,and sphere temperatures of
373 and 453°K, the variation with reciprocal tube temperature of
In Tig is shown in figure 4.7. From this it can be seen that for a
vessel temperature of 453°K there are two intersecting straight
lines, the point of intersection corresponding to a temperature of
560°K. From these lines the overall activation energy of the
reaction, E, above and below 560°K has been calculated to be
71.5k cal.mole” > and 31.5 k cal.mole respectively. The value
for E of 31.5 k cal.mole"1 is in very good agreement with that of
ca. 30 k cal.mole"l calcula.ted'from induction period measurements
in an empty spherical vessel in the temperature range 525 to 560°K
(Section 4.1.3). The change in value of E at 560°K may be
associated with a second change in the nature of the chain-branching
reactions (the first change occurring at a temperature of ca. 530°K,
(see Section 4.1.3). The change at 560°K coincides with the appearance
of a large negative temperature coefficient of reaction rate as indicated
by the variation with tube temperature of (dp/dt)max.

The variation of 1In Tig with 1/'I‘p for a vessel temperature
of 373°K (figure 4.7) is slightly curved and indicates that E increases

continuously with Tp in the temperature range 588 to 600°K.



Figure 4.7

The variation of lu:)ge 5 i with reciprocal of Tp for

two vessel temperatures
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The variation with temperature of the kinetic parameters
(ie. T’ig’ (dp/dt)ma.x.) characteristic of the spontaneous ignition
of n-decane-air mixtures caused by a hot tube of 2.4 cm.diam. is
thus in good quantitative agreement with studies carried out in an
empty spherical vessel. However, the absolute values of these

kinetic parameters appear to be appreciably dependent on the method

of study.
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4.4 Application of thermal ignition theory to the

cool -flame limits of n-decane-air mixtures

4.4.1 Validity of application of thermal ignition theory

The boundary separating slow combustion from both cool
flames and two-stage ignition in the ignition profile of an alkane may
be regarded as the locus of critical pairs of values of temperature
and pressure which, when exceeded, result in an explosion. It is
possible, therefore, that such a locus may be predicted {from thermal
ignition theory. In view of the fact that cool flames result from
interdependent chain-branching and exothermic processes, they
cannot be regarded simply as pure thermal explosions. The
complexity of the overall kinetics of cool-flame reactions in
n-decane-air mixtures has already been discussed.

Tests of the validity .of application of thermal ignition
theory, based on purely conductive heat transfer in the reacting gases,

may be direct or indirect in their approach.

4.4.2 Indirect tests of thermal ignition theory

These tests may be carried out by rearranging into a
suitable form the equation derived by Franl«:—Kamenetskii96 which
represents the dimensionless rate of heat release by the reaction at

the critical condition, viz:



5 _ Qw rz E
er . 9 4.8
ART
0
= 3.32 for a spherical reaction vessel where w is the
initial isothermal reaction rate
a b
= A exp (-E/RT ) [RH]® [O,] 4.8 (a)
The rearranged form of equation 4. 8 is usually
n n+2 )
log, (Pcr v 3 ) = E/RTcr + logeconst. 4.9
where n is the overall order of reaction = (a + b) in equation 4. 8 (a)

and Pc w y  are pairs of values of pressure and temperature on

¢
the explosion boundary. Plots of loge (P crn/T crn+2) against 1/Tcr
have been used to calculate ES.M In view of the uncertainty in the
value of n for cool-flame reactions in n-decane-air mixtures,
similar plots used to calculate E for this alkane may be misleading.
However, the value of E has been shown (Section 3.1.1.4) to be
constant at ca. 42.5 k cal. mcale’“1 for all the n-decane-air mixtures
studied below a temperature of ca. 530°K. Equation 4. 8 may
therefore be rearranged differently so that a value for n can be
calculated using the above value for E. If the ratio of oxygen to
hydrocarbon is denoted by X, then

[0,] = x [Re] mole.cm™  4.10

3 411

and [RE] + [02] = (X +1) [RH] mole.cm”
Thus it follows that
[0,7° = x°[re] " 4.12

and therefore that
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ke]* [0,]° = x°[r]*" 4.13

Putting [M] = [RH] + [:02] mole cm ™
and making the appropriate substitution in equation 4. 11, it can
be shown that

b a+b

[ru]® [0,]" = ?iiﬁ‘—]-é-;ﬁ- 4.14

X +1)
If X, Q, A, Eand A in equations 4.8 and 4.8 (a) are taken to be
constant, and the substitution for [RH]? ]:Ozjb (equation 4.14)
is made in equation 4.8, it follows that

g .
Ioge[M:l = ) (2 1og T + E/RT ) +1log C 4.15

a+b
where C = 3.32 RZA X+1) = a constant.

Qr°AE

The variation of log e[M] with (2 logeTO +E /RTO) for all
the n~decane-air mixtures studied is shown in figure 4.8. From this
figure, it can be seen that for each mixture composition, and for
values of loge J:M] between -13.2 and -14.2, the plots display
an almost linear portion from which a value for (a+b) has been cal-
culated to be 1.78. For values of lctge [M] 1ess than ca. -145. 2,
which corresponds to a temperature of ca. 520°K, there is some
departure from linearity of the plot. This may be due to a change
in the value of E as a result of a change in the nature of the chain-
branching reactions above ca. 520°K.. Indeed, an increase in the

value of E from 42.5 to 43.5 k cal.mole™ restores the linearity of
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Figure 4.8
Variation of log_ [M] with (2log T +E/RT )
for several n-decane-air mixtures
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the plot for the lowest values of loge [M:l corresponding to a
temperature of ca. 550°K.

The departure from linearity of the plots for values of
log, [M] greater than -13. 2 is probably associated with a breakdown
in equation 4.8 owing to the heat transfer being mainly convective
rather than conductive. Indeed, the value for the Rayleigh number
of the gas mixture corresponding to loge [M] =-18.2is 5750 (AT
in this calculation taken to be 1.60 RTosz). This exceeds by
almost a factor of 10 the critical value of 600 which has been shown
to mark the onset of natural convection in a 1:15 n-decane-air mixture,
Frank-Kamenetskii proposed136 that the conductive theory of thermal
explosions should break down when the Grashof number of the gas
mixture exceeds a value of ca. 104. (For self-heating gases, the
Rayleigh number and Grashof number are interchangeable.)

The departure from linearity of the plot for high values
of loge [M] (low values of To) may also be associated with the fact
that thermal control over the reaction has become insignificant.
Indeed, induction periods preceding cool flames at low initial
temperatures are too long (ca. 50 sec.) to reflect thermal control.

Equation 4.8 has also been rearranged to the form shown
in equation 4.16

log, [0,] = -%— (2 1og T +E/RT ) +log B 4.16

where B= AR 3.32 = a constant.

r? Q A[RH]
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Figure 4.9 shows the variation of log g [02] with (2 log,T  +E/RT )
for all the n-decane-air mixtures with a constant value for [RH] of
5.54 x 10" mole.cm . From this figure, it can be seen that
equation 4. 16 holds, and the value of b has been calculated to be
0.91. Therefore,from figure 4.8, a is 0. 87.

Since the initial temperature and concentration of the
reacting gases may be measured accurately, the calculated values
of a and b will be dependent on the precision with which E has been
determined. It has been shown that a variation of * 1.0 k cal.mole ™+

in the value of E will lead to a 15% variation in the value of (a+b),

although b remains unchanged.

4.4.3 Direct tests of thermal ignition theory

Direct tests of thermal ignition theory may be made by
direct temperature measurements in the reacting gases. Confir-
mation of the conductive theory of thermal ignition may be given by
the presence of pre-ignition self-heating, the dependence of this
self-heating on the position in the reactant relative to the vessel
centre and the existence and size of a maximum stable temperature
rise at the vessel centre.

Confirmation of the presence of pre-ignition self-heating
in 1:15 n-decane-air mixtureshas already been given in Section 4. 1. 5,
where it was also shown that, under the initial conditions of temper-
ature and pressure representing the slow-combustiori/cool-ﬂame

boundary, purely conductive heat transfer in the reacting gases did
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Figure 4.9
Variation of log, [0,] with (210g T +E/RT )

for several n-decane-air mixtures
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not occur below a temperature of 523°K. Furthermore, a maximum

stable temperature rise of 21°K was shown to exist at the vessel
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centre. The temperature at other positions in the reactant decreased

radially from the centre, and the tip of the resulting temperature
profile was shown to approximate in shape to a parabola.

It is possible to estimate experimentallym? the value of
5(:1' in equation 4. 8 from the measured shape of the critical
temperature profile shown in figure 3.28 (a); ie. when To = 543%K.
The parabola which best fits the centre portion of this profile is
given in equation 4.17,

T-T0=1.33 (r 2-)(2)-12.33 (4.17)
In a spherical vessel, the stationary form of the equation of heat
conductance with continuously distributed heat sources is given by
equation 4.18,

2

__Qi aT d
A

3

2
o el R S L
de X

where x is the distance from the centre of the reactant, and other

4.18

5]

symbols have their usual significance. At the critical condition
for ignition, the right-hand side of equation 4.18 may be evaluated

using equation 4.17, viz:

" T
T = -2.66%, =5 = -2.66

Thus,

(Q—W) = 17.98 deg.cm"Z 4.19
A Jer



corresponding to a temperature of 564°K at the centre of the reactant.

Since & 5% in equation 4.8 is defined in terms of the vessel temper-
ature, To’ it is necessary to make a correction to w using the
Arrhenius law, where E is taken to be 44.64 k cal. mole ! and

T0 = 54301{, and to A . The corrected value for (Qw f)\)cr is

1.75 deg.cm"‘?, whereupon

rzE

RT 2
0]

acr = 1.75

=3.35
in excellent agreement with Frank-Kamenetskii's theoretical value
of 3.32. Thus, for a 1:15 n-decane-air mixture at an initial
temperature of 54301(, the conductive theory of thermal ignition
is applicable to the cool-flame limit. The extent of application of
this theory to the slow combustion/cool-flame boundary in 1:15
n-decane-air mixtures has been tested by selecting pairs of values
for P o and Tcr from figure 3..4, and calculating corresponding
values of & e Appropriate corrections to w were made by using
the Arrhenius law as above, and corrections for the change in

concentration of reactants were made using the multiplication factor

[RH] 0.87 [02] 0.91 Q) / I:RH] 0.87 [02]0. 91 (i)
where [RH] and [02] are expressed in mole.cm"?’, subscripts (i)
and (ii) correspond to Pc . under consideration and Pcr = §.9kPa
respectively and 0.87 and 0.91 are the partial orders of reaction

obtained from figures 4.8 and 4.9. Corrections were also made for

232
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the variation with temperature of the thermal conductivity of the
gas mixture.

The results of these calculations are given in Table 4.4,
in which corresponding values of the Rayleigh number have also
been included. From this table it can be seen that in the temperature
range 543 to 523°K, it is necessary to alter the value of E by ca. 1.0
k cal, mole™! to achieve a value for & op 0f3.35. This is
expected since it has already been calculated from figure 4. 8 that
a change in the value of E of 1.0 k cal. mole'l would restore linearity
to the plot. Between 523°K and 498°K, & op varies by less than 1%
for E =43.8 k cal.mole-l. Thereafter, & e increases as To
decreases, possibly because convective heat transfer becomes
important.

Frank Kamenetskii proposed 136 that above a Rayleigh
number, Ra, of ca. 104, (&) ot s_hould be a function of Ra, and that
this function should be the same for all gases. Figure 4.10 shows
the variation of & or with Ra for 1:15 n-decane-air mixtures. From
this figure it can be seen that for values of Ra less than 4.0X103’ (&) i
is independent of Ra. However, for values of Ra greater than
4.0x103, a linear relationship exists which is described by equation
4.20

4

acr = 1.0x10"" Ra + 2.96 4.20

The linearity of this relationship is understandable since, in the low
temperature region of the ignition profile where Pc “ increases

markedly for only a small decrease in To’ both & o and Ra are



Values of E which satisfy equation 4.8, and

corresponding values of Ra.

n-decane:air = 1:15

pcr Tcr E écr Ra
(kPa) (°K) |k cal.mole -])

5.9 | 543 44.6 3.35 243
9.1 | 523 43.9 3.35 626
12.8 | 513 43.8 3.36 1275
15.0 | 509 43.8 3.33 1770
20.0 | 502 43.8 3.36 | 3211
25.0 | 498 43.8 3.50 | 5060
30.0 | 494 43.8 3.66 7355
40.0 | 490 43.8 4.22 | 13235
45.0 | 488 43.8 4.61 | 16966
50.0 | 485 43.8 5.98 | 30091

234
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Figure 4. 10

Variation of 501‘ with Ra for a 1:15 n-decane-air mixture
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nearly proportional to the square of the density of the gas mixture.

In the case of § e, this is brought about because scr ~ constant x

[RH:] 2 [Oz:lb where the indices a and b are approximately unitj.
Slow -~combustion/cool-flame boundaries for the other

n-decane-air mixtures have been predicted from equation 4.8. A

number of values for the initial pressure, Po’ were chosen and

corresponding values for the critical initial temperature, T were

cy?
calculated by trial and error in such a way that the right-hand side

of equation 4.8 was equivalent to & e When Ra for the gases was
less than 4.0’x103, 5 or Was taken to be 3.35. However, when Ra
was greater than 4.0><103, e} or Was calculated from equation 4. 20.

In each evaluation of Tcr’ the term

( )
A = o (o}
(P0 = 5,9kPa, frcr = 543°K)
in equation 4. 8 was corrected using a concentration correction

factor (equation 4. 21)

1. 521x1012|:RH]a[:02:|b 4.91,
an Arrhenius reaction rate correction factor (equation 4. 22)
1.594x10'%/exp (E/RT_ ) 4.22
where E =43.8k ca.l.mole_l, and a thermal conductivity correction
factor (equation 4. 23)

9.86x10"° /A p 4.23
Ccr

The predicted values for Tcr for each n-decane-air mixture
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are given in Table 4.5 together with the experimentally measured
values. Clearly with the exception of the lowest value for P, for

each mixture composition, the agreement between the predicted and
experimental values is excellent. The discrepancy at low pressures
(high temperatures) may probably be accounted for by the small change
in the value of E which was shown to take place in the temperature
range 523 to 543°K.

Thus, thermal ignition theory, based on a purely conductive
heat transfer in the reacting gases, may be used in conjunction with
equation 4. 20 to predict accurately the variation with both mixture
composition and initial pressure of the minimum temperature for
spontaneous ignition in n-decane-air mixtures.

On account of limitations of the apparatus, spontaneous
ignition temperatues in n-decane-air mixtures at atmospheric pressure
could not be measured. However, spontaneous ignition temperatures
for 1:15 n-decane-air mixtures at initial pressures of 70.0kPa,
85.0kPa and 100.0kPa (atmospheric pressure) have been calculated

(bottom of Table 4.5) and are clearly quite reasonable.

4.4.4 Application of thermal ignition theory to

spontaneous-ignition temperature limits

of other alkanes

An attempt has been made to extend the thermal ignition
model developed above for n-decane-air mixtures to make possible

the prediction of the spontaneous ignition temperature limits for
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Table 4.5

Some experimentally observed and predicted values of

Tcr for n-decane-air mixtures in the composition

range 1:7.5 to 1:25.0 n-decane : air

Mixture Po Tcr (OK)
ﬁ?g;pc (;s;]i;ci(:n;ir (kPa) observed predicted

5.7 583 526

15.3 503 500

1:7.5 26.0 494 491
35.0 490 486

60.0 483 481

7.6 523 520

15.0 506 503

1:10.0 26.0 494 492
39.2 488 486

60.0 483 482

6.2 543 537

15.2 513 510

1:20.0 25.0 501 498
37.8 493 - 491

60.0 488 485

8.0 541 534

17.0 513 510

1:25.0 28.0 500 496
37.0 496 494

60.0 490 4817

70.0 - 482

1:15.0 85.0 - 481
100.0 - 480
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other alkanes of different molecular weight and molecular structure.
The assumption was made that Q, a and b in equations 4.8 and 4.8 (a)
do not vary significantly with the molecular weight and structure of
the alkane. The overall activation energy, E, for cool-flame
combustion has been chosen as the parameter most characteristic

of the ignitability of an alkane. (It was shown (Section 4.1.3) that

E increases with decreasing ignitability of alkanes.) For the
purpose of calculating E, four general classes of alkane structure

have been defined, viz:

Class I CH3 (CH2)n CI-I3

Class IT (CH,), CH (CH,) CH,

2

Class III (CH3)

o CH (CH,)  CH (CH,)

2

Class IV (CH3)3 C (CHz)n CH (CH3)2

Values of E for alkanes of different molecular weight have
been calculated as outlined below for each of the four classes given
above.

Slow combustion/cool-flame boundaries for several alkanes
of different molecular weight and molecular structure were obtained
from the literature or from results reported herein. In each

calculation a pair of values of Tcr and Pcr lying on a slow~combustion/
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cool-flame boundary were selected and the concentration correction
factor (equation 4.21) was applied. A value for E was then found

by trial and error so that, after application of the reaction rate
correction factor (equation 4.22), and thermal conductivity correction
factor (equation 4.23) equation 4.8 was satisfied. When Ra for the
gas mixture was greater than 4.0X103, o - in equation 4.8 was
calculated from equation 4.20; otherwise it was taken to be 3.35.
Thus, the assumption was made that equation 4. 20 applies to all the
alkane-air or alkane-oxygen mixtures as proposed by Frank-

Kam enetskiils6 :

The Rayleigh number of the gas mixture was calculated
as described in Section 4.1.5 where Brokaw's ru.le.129 was used to
estimate Cp and A and Wilke's estimation method130 was used to
calculate n . In these calculations, literature values at the

appropriate temperature of 7 138, &) 156 and )\139 were used for

P
the alkane under consideration.
The alkanes considered, together with the corresponding
calculated value of E, are given in Table 4.6. It is noteworthy
that the values of E calculated for isobutane and n-pentane are in

-1 124
reasonab_ly good agreement with the reported values of 56 k cal.mole :

-1 114
and 49 k cal.mole . respectively, which were calculated from
induction period data.
For alkanes having a molecular structure in class I, II,

or III, E was found to vary by less than 2% over a considerable

portion of the slow-combustion/cool-flame boundary. Thus, equation
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Table 4.6

Values of E calculated for alkanes of different

molecular weight and molecular structure

Molecular 2 Pcr Tcr e
Btructuze. - [RRE = OXICARE 0 -1,| Reference
(kPa) | ("K) |k cal.mole )
n-butane - O2 16.6 | 558 50.8 123
n-pentane - O 6.6 | 558 48.8 114
Class I .2
n-heptane - air 13.3 | 538 46.3 64
n-decane - air 12.8 | 513 43.8 this work
isobutane - O2 20.0 | 595 63.5 113
Class II 2-methylpentane - 02 13.3 | 553 48.6 140
2-methylheptane - air 20.0 |521 44.9 this work
2,3 -dimethylbutane - O, (30.0 |572 52.9 92
Class III 2,4-dimethylpentane - air [41.3 | 560 48.4 this work
2, 5-dimethylhexane - air [20.0 | 522 45.1 this work
2, 2,3~-trimethylbutane - O2 22.0 | 578 52.6 this work
B 60.0 | 547 51.2 this work
Class IV 2,2,4-trimethylpentane~air{76.0 | 570 51.9 this work
" 100.0 | 559 50.3 this work
2, 2, 5-trimethylhexane-air [36.0 | 558 49.2 this work
i 62.01528 47.5 this-work
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4,20 is applicable at least to gas mixtures containing air or pure
oxygen and a reasonably volatile alkane having a molecular structure
inclass I, II or III. For alkanes having a molecular structure in
class IV, E has been found to vary slightly with the initial conditions
of temperature and pressure. Thus, Table 4.6 shows values fbr E
which were calculated at the low and high pressure extremes of the
appropriate slow-combustion/cool-flame boundary.

The variation of octane number, ON, with E for a number
of alkanes having a different molecular structure is shown in figure
4,11, It is clear from this figure that different straight-line
relationships exist for each class of molecular structure, and that
the dependence of ON on E decreases with increasing degree of
branching of the carbon chain. For each class of molecular
structure, ON increases with increasing E, in agreement with the
results of Oberdorfer's studies of the combustion of isomeric

hexane5126



Figure 4.11

Variation of E with octane number and

alkane molecular structure
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4.4.5 Development of a compuier programme for the

prediction of the slow-combustion/cool-flame

boundaries of low molecular weight alkanes

On the basis of the thermal ignition model developed in
Section 4.4.4, a computer programme has been devised which enables
the prediction of the spontaneous ignition temperature limits for
reasonably volatile alkanes. In principle, an initial pressure, P,
is defined and the corresponding limiting temperature, T, for
spontaneous ignition is found by an iterative routine. The only input
data require;'d to operate the programme is the carbon number and
molecular structure class of the alkane, the nature of the oxidant
and the composition of the gas mixture, and the size and shape of the
reaction vessel.

Physical properties of the gas mixture and appropriate
kinetic parameters are calculated in the programme as functions of
appropriate input parameters as' described below.

Overall activation energy, E

E is calculated as a function of the carbon number, CN,
of the alkane for a specified class of molecular structure. The

- appropriate equations are:

ClassI E =70.17 - 7.81CN + 0. 88CN? - 0.036CN° keal. mole™ -

Class I E =72.72 - 7.25CN + 0.74CNZ - 0.034CN° keal. mole ™ -

2 _0.181CN° keal.mole™

3

ClassIII E = 166.82 - 38.99CN +4.42CN

Class IV E =440.68 - 152.4CN + 19.9401\12 - 0.873CN kca.l.mole"l.
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Thermal conductivity, \

The thermal conductivities of oxygen and nitrogen vary
with temperature in a manner described by equations 4.24 and 4. 25

respectively:

Ao = (0.016T +1.732) x 107° cal .(cm.sec.°K)™!  4.24
2

»  =(0.013T + 2.696) x 10”° cal .(cm.sec.’°K)™}  4.25
N

2
The thermal conductivities of the alkanes were taken from

the literaturelsg. For alkanes containing an even number of carbon

atoms the thermal conductivity is given by equation 4. 26:
-1

2 -5 0
A alkane.” (0.008T +6.75 - 0.28CN) x 10 “ cal .(cm.sec. K) 4,26
For alkanes containing an odd number of carbon atoms, the thermal
conductivity is given by equation 4. 27:
4.27

= -5 0y ~1
Nalkane = (0.028T - 2.5 - 0.05(?N) x 10 “ cal .(cm.sec. K)

Heat capacity at constant pressure, Cp

The heat capacities of oxygen and nitrogen vary with

temperature according to equations 4.28 and 4. 29 respectively:

C.(0,) = (29977.5 +4.1868T - 1674. 7%10%/T%)/1.34x10° cal. (deg.gm.) !
2 g
4,28
Cp(N ) = (27884.1 +4.2'?05I‘)/1.1'?}:105 cal .(deg.gm)'1 4,29
2
Values of Cp for alkanes were obtained from the literaturelss. For

alkanes having a molecular structure in classes I to IV, Cp is calcul-



246

ated from equations 4.30 to 4.33 respectively:

[(0.0IZCN +0.009)T + 1.020N1'32]/M cal .(deg.gm) ! 4.30
0.096cN’- 960078 cal .(deg.gm)™} 4.31
0.488T°" ©° /M cal .(deg.gm)" L 4.32
0.5217°%" "O/m cal .(deg.gm)™} 4.33.

where M is the molecular weight of the alkane under consideration.

Viscosity,n

In the temperature range 470 to 5700K, the variation
with temperature of the viscosity of oxygen and nitrogen is given by
equations 4.34 and 4.35 respectively:

= 0.414T + 204.7 ppoise 4.34

n
O,

n N2 =0.355T +174.3 ppoise 4.35

where T is measured in °C.
The variation with temperature of the viscosity of alkanes

138, and equation 4.36 was derived

was obtained from the literature
to account for the variation of n with both CN and T °c), viz:
Nikiicate = (0.3 - 0.017CN)T + i16.3 - 17.8CN + 1.67(1'N2 - 0.06CN°
ppoise 4.36
The computer programme has been compiled in FORTRAN 4
language and a flowchart describing the operation of the programme
is given in figure 4.12. Copies of the programme and a typical

output are given in the Appendix. The programme has been used to

predict the minimum autoignition temperatures at atmospheric pressure
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Figure 4.12

Flowchart of the computer programme
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and the low-temperature portion of the slow~-combustion/cool-flame
boundaries of a number of alkanes. The predicted and observed
results are compared in figures 4.13 to4.16. Clearly, for all the
alkanes under consideration, there is satisfactory agreement between
predicted and observed results at high pressures. For isobutane
and other alkanes having a highly branched carbon chain, there is
less satisfactory agreement between the predicted and observed

slow -cmnbusfion/ cool-flame boundaries. It is likely, therefore,
that, for these alkanes, E increases significantly with temperature
in the low portion of the ignition profile.

Thus, the thermal ignition model developed above explains
quite well the variation of the spontaneous-ignition temperature limits
of alkanes with both pressure and mixture composition. It is well
known that the ignition of an alkane in oxygen occurs as a result of
interdependent chain-branching and exothermic processes, and that
thermal explosion takes place only when the rate of reaction and, hence,
of heat liberation, are high enough for chain-autoacceleration to

be replaced by thermal autoacceleration74.

At low initial pressures,
however, reactions leading to cool flames are mainly thermally
controlled.

The thermal-ignition model does not, of course, consider
in absolute terms degenerate chain-branching as a contributory cause
of spontaneous ignition. Because of this, the model cannot explain

either the appearance of small pressure lobes on the boundary

separating slow -combustion from cool flames, or the existence
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Observed and predicted spontaneous ignition temperature

limits for alkanes of Class I molecular structure
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Observed and predicted spontaneous ignition temperature
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Figure 4.15

Observed and predicted spontaneous ignition temperature

limits for alkanes of Class III molecular structure
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Figure 4.16

Observed and predicted spontaneous ignition temperature

limits for alkanes of Class IV molecular structure
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of regions of negative temperature coefficient. The model does,
however, distinguish between the ignitability of alkanes by considering
the variation of E, which is probably related to the chain-branching
process, with molecular structure and molecular weight.

The critical condition for spontaneous ignition in long
eylindrical vessels and between long parallel plates (symmetrically

heated) has been showng’?’ 98

to be attained when & o in equation
4.8 is equal to 2.00 and 0. 88 respectively. Thus, the spontaneous-
ignition limits of alkanes contained in such vessels may be predicted
by insertion of the appropriate value for & o in equation 4. 8.
Equation 4. 20 relating & or 0 Ra should hold for these vessels, but
the value of Ra at which convection becomes significant will probably

be correspondingly smaller than the value of 4.0 x 103 for a spherical

vessel.
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4.4.6 The application of thermal ignition theory to

asymmetrically heated n-decane-air mixtures

For n-decane-air mixtures in contact with a hot tube
contained in a cooler spherical vessel, spontaneous ignition has been
shown to occur (Section 4.3.1) when a more or less constant amount
of heat is supplied to the gas mixture. The minimum tube temperature
required to cause spontaneous ignition in n-decane-air mixtures at
an initial pressure of 55kPa was found to be dependent on the vessel
temperature and the tube diameter. The radius of the spherical
vessel is also probably a determining parameter.

Clearly, with an initial pressure of 55kPa, even small
differences in temperature between the tube and sphere will give rise
to significant natural convection. In some cases, this temperature
difference was greater than 100°K and under these conditions extensive
natural convection currents will exist. In view of this, thermal
ignition theory based on a purely.conductive heat transfer in the
reacting gas cannot be expected to give a satisfactory account of
the variation with vessel temperature, To’ and tube diameter, dy,
of the minimum tube temperature, Ti’ required to cause spontaneous
ignition of the gas mixture.

Semenov's equa.tion94 based purely on conductive heat

transfer
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=

E (T, -To)z
2 5 4.37
1 2RT.” QW

defines the conditions for spontaneous ignition in a flammable gas
mixture contained in a cylindrical annulus, where the inner cylinder
is hotter than the outer cylinder. In equation 4.37,

Ti = inner cylinder temperature, K.

’I‘0 = outer cylinder temperature, 5 8

ry inner cylinder radius, cm.

ry outer cylinder radius, cm.

and other symbols have their usual significance. Semenov demon-
strated that equation 4.37 holds provided that ry is less than 1 mm.
For values of ry greater than 1 mm, natural convection was shown
to be significant and Semenov proposed94 that the inner cylinder is
surrounded by a cylindrical laminar gas layer of radius rf within
which heat is transferred by conduction. The outer boundary of

this layer was assumed to be at a temperature To' The left-hand

side of equation 4. 37 was subsequently modified to
/

r 2
Y. In ———=p
1 1‘1 I—G—;

134 found

where Gr is the Grashoff number of the gas. Macdonald
that the modified form of equation 4.37 did not correlate satisfactorily
with the results of his studies of the ignition of aviation kerosene by
hot pipes. These studies did, however, reveal that the bulk of the

gas mixture surrounding the hot pipe reaches a temperature between
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that of the tube and spherical vessel, and that a laminar layer of

gas surrounding the pipe was, for practical purposes, non-existent.
It is possible that the average bulk temperature of the gas mixture

is close to its minimum autoignition temperature corresponding to
the experimental conditions (ie. vessel size and initial gas pressure).

Thus, in Macdonald's studies of spontaneous ignition caused
by hot pipes 134, and similar studies reported herein, it is likely
that ignition developed within the bulk of the gas rather than at the
hot tube or pipe surface. It is possible, therefore, that the critical
conditions for spontaneous ignition in the hot-tube-in-a-sphere studies
may be predicted from an equation similar to equation 4.8, where & o
is calculated as a function of the Rayleigh number of the gas as in
equation 4.20. Such an approach has been attempted and is described
below.

In calculations of the Rayleigh number of the gas, AT has
been taken to be the temperature difference between the tube and the
sphere, and the characteristic dimension of the system, d, has been
taken to be the difference between the diameters of the sphere and
tube (d2 - dy). Physical properties of the gas mixture have been

estimated at a temperature which is the arithmetic mean of 'I'i and

To‘
Equation 4. 8 has been modified to give equation 4.38:
2
= _ QwE rq
 ¢r” f(Ra)_(d=d2-d1, AT=T,-T ) ~ ———— T

AR T, 2
3 |
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in which ry is the tube radius and other symbols have their usual
significance. The concentrations of n~-decane and oxygen in the
mixture have been calculated at the arithmetic mean temperature
defined above.

For a given vessel temperature and tube radius, Ti was
calculated by trial and error until equation 4.38 was satisfied. In
these calculations, the concentration correction factor (equation
4.21) and Arrhenius reaction rate correction factor (equation 4.22)
were applied as described in Section 4.4.3. In the latter equation,
‘I'i was substituted for Tcr'

The predicted values of Ti together with some experimentally
observed values are given in Table 4.7 for each of the tubes and for
several vessel temperatures. For the 0.64 ¢cm., 0.97 cm. and 1.18
cm. diam. tubes the predicted values are within 2% of the observed
values for vessel temperatures less than 453°K. The discrepancy
between the predicted and observed values of Ti for the 2.4 cm.diam.
tube is on the whole greater than for the other tubes. This may be
the result of a significant increase in surface/volume ratio of the
system with the latter tube.

Clearly, within the range of experimental conditions used
in these studies, equation 4.38 predicts quite well the variation of
Ti with T0 and tube diameter. The choice of ryas the characteristic
dimension in equation 4.38 and of (r.l2 - dl) as the characteristic
dimension in calculating Ra was purely empirical. The substitution
of Ti for Tcr in equation 4. 21 was also empirical.

Equation 4.38 has been used in an attempt to predict the

results obtained by Macdonald in his studies of the ignition of aviation



. Table 4.7

Variation of predicted and observed values

of Ti with vessel temperature and tube diameter.

n-decane : air = 1:15; initial pressure = 55kPa

tube |vessel |minimum tube temperature for ignition (°K)
diam. | temp.
(em) | (O9K) Observed Predicted
3173 6201 617
393 615 615
0.64 | 403 607 611
453 586 607
423 598 598
433 593 598
0.97 | 443 586 591
453 576 588
423 592 586
433 588 584
1.18 | 443 579 581
453 566 580
3173 588 562
2.40 | 443 556 552
473 520 542
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' kerosene by hot pipes contained in an 18 in.diam. spherical vessellM.
The value of E for aviation kerosene was taken to be 43.8 kcal.mole"l,
the same as for n-decane. The predicted values of ’I‘i are compared
with the observed values in Table 4.8. From this table it can be
seen that for the 15.2 cm and 7.6 cm diam. pipes, there is a
reasonably good agreement between the predicted and observed values
of Ti' For the 3.8 ecm.diam. and 1.9 ecm.diam. pipes there is a
large discrepancy between the observed and predicted values of Ti
for the lower vessel temperature. This is understandable since the
insertion of large values for T.1 (viz. 7280K) in the Arrhenius
reaction rate correction factor lead to extremely large values for
the right-hand side of equation 4.37. These values are several
hundred times the value of § o calculated from equation 4. 20.

Clearly Ti is not an important parameter in determining
the rate of heat release preceding spontaneous ignition, and its use
as a substitute for Tcr in equation 4.21 is limited. This provides
further evidence that it is necessary to raise the bulk of the gas
mixture to a certain temperature before spontaneous ignition can
occur. Nevertheless, as was shown in Section 4.3.2 and 4.3.3, small
changes in tube temperature at constant vessel temperature exert a
strong influence on kinetic parameters such as the induction period
preceding spontaneous ignition and the maximum rate of pressure rise
accompanying ignition.

Thus, it may be concluded that, whilst the temperature of

the tube probably plays an important role in initiating the reactions



Table 4.8

Variations of predicted and observed values

of Ti with vessel temperature and pipe diameter.

kerosene : air = 1:15; initial pressure = 100kPa (1 at m.)

Pipe Vessel minimum pipe temperature for ignition (OK)
diam. temp.
(cm) (°K) Observed Predicted
373 923 673
Y 603 612
373 728 641
3.81
413 623 634
373 613 607
7.62
423 589 599
3173 580 571
15. 24
423 568 568
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preceding spontaneous ignition, ignition is unlikely to occur unless
the bulk temperature of the gas has attained a certain value. When
this temperature has been reached,the rate of heat release from a
volume element of the gas mixtures presumably exceeds the rate of
heat loss to the surrounding gas and ignition ensues. Similar
conclusions were drawn by Ma.cdonaldlM.

Clearly, the method used to predict the conditions for
ignition in a hot-tube~in-a-sphere falls short in that it is not on an
entirely fundamental basis. However, the complex geometry of such
a system does not lend itself to a theoretical treatment,since it lacks

an appropriate characteristic dimension and 'end effects' where the

tube and sphere are in contact are difficult to take into account.
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4.5 Conclusions

n-Decane is a very reactive alkane which undergoes
spontaneous ignition in air at temperatures above ca. 480°K and
displays cool-flame phenomena at pressures greater than 5kPa.
n-Decane-air mixtures exhibit two lobes on the two-stage ignition
profile, Kinetic data obtained from pressure-time traces indicate
that, in accordance with Lucquin's theory, the lower temperature
lobe is associated with an L1 mechanism and the higher temperature

lobe with an L, mechanism. The overall activation energy for

2
cool-flame combustion, E, changes at a temperature midway between
lobes L1 and L2 and is thought to be related to the chain-branching
reactions. n-Decane-air mixtures display a two cool-flame

region in the temperature range defined by the Lz lobe.

The ignitability of a number of alkanes decreases in the
order n-decane ) 2-methylheptane ) 2,5, ~-dimethylhexane ) 2,2, 5~
trimethylhexane > 2,4-dimethylpentane > 2, 2, 4-trimethylpentane >
2,2, 3-—trimethy1’butane. The minimum stability factor calculated
for these hydrocarbons increases in the reverse order. It thus
appears that the ignitability of an alkane depends on the overall
stabilizing effect which the molecule exerts on a hydroperoxide group
attached to the carbon atom where the stability factor as a whole is
a minimum.

The ignitability in air of fuel mixtures containing
n-decane and 2, 2, 5-trimethylhexane is controlled largely by n-decane.

In the low temperature region of the ignition profile, the value of E
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decreases with increasing 2, 2, 5-trimethylhexane concentration.

It is thought that the nonane isomer, which contains a relatively
labile hydrogen atom, increases the rate of formation of
n-decylhydroperoxides which are probably important chain-branching
agents at low temperatures.

Partial replacement of n-decane in the fuel by
2,2, 5~-trimethylhexane has little effect on the position of the 2 cool~-
flame region in the ignition profile. It is thought likely that similar
products of the first cool flame for both these alkanes play an
important role in reactions leading to the second cool flame.
Consequently, multiple cool-flame phenomena in n-decane and
2,2, 5-trimethylhexane are probably described by Frank-Kamenetskii's
isothermal, two-product theory.

Temperature measurements in reacting n-decane-air
mixtures under initial conditions close to the slow-combustion/cool~-
flame boundary indicate that convective heat transfer becomes
significant when the Rayleigh number, Ra, of the gas exceeds a value
of ca.600. At an initial temperature of 543°K, the conductive theory
of thermal ignition holds. A maximum stable temperature rise at
the centre of the vessel, AT cp? ©2a0 be attained, and a value for E,
calculated from the equation E = 1,6RT crzf A Tcr’ is in good agree-~
ment with the value calculated from induction period data. At an
initial temperature of 543°K, reactions leading to cool flame near the
boundary with slow combustion are controlled mainly thermally, and

the calculated value for Frank-Kamenetskii's § cr 18 3.35, which is



in excellent agreement with the theoretical value of 3.32.

The conductive theory of thermal ignitions predicts the
slow -combustion/cool-flame boundary for n-decane-air mixtures
for which Ra does not exceed a value of 4. 0x103. When Ra is
greater than this convective heat transfer is important and a.cr is
a function of Ra. This function also applies to other alkane-oxidant
mixtures. The overall activation energy has been found to be a
parameter characteristic of the ignitability of an alkane. A
computer programme, based on thermal ignition theory and the
variation of E with alkane molecular weight and molecular structure,
predicts the autoignition temperatures and slow~-combustion/cool-
flame boundaries for alkanes with a carbon number not greater than
ten. A minimum of input data is required to operate the programme
and predicted results are in good agreement with those observed
for alkanes which do not have a highly branched carbon chain. The
programme does not take into account the variation of E with
temperature and cannot, therefore, explain the appearance of small
pressure lobes on the slow-combustion/cool-flame boundaries of
some alkanes. 2

Spontaneous ignition in n-decane-air mixtures surrounding
a hot-tube-in-a-sphere appears to depend upon the supply of a
critical amount of heat to the gas mixture. Kinetic parameters,
such as the induction period preceding spontaneous ignition are very
sensitive to small changes in tube temperature. It is likely, there-

fore, that the chain reactions leading to spontaneous ignition are

264



in‘tiated at the tube surface. However, the application of thermal
ignition theory to the hot-tube-in-a-sphere system indicates that
ignition will not occur unless the bulk temperature of the gas has
reached a critical value. When this temperature is attained, it is
probable that the rate of heat release from a volume element of
reacting gas exceeds the rate of heat loss to the bulk of the gas
mixture and ignition may then spread throughout the reactant

volume.
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4.6 Future Work

As a result of predictions derived on the basis of a thermal
ignition model of n-decane combustion, it has been concluded that E,
the overall activation energy, is a parameter characteristic of the
ignitability of an alkane. It would be desirable to be able to calculate
E independently for other alkanes from induction period data and pre-
ignition temperature rises, and then to compare these calculated
values with the predicted ones. Temperature measurements need
to be made in convection-free systems and it would therefore be
necessary to study alkanes which exhibit cool flames at initial pressures
of less than ca. 10 kPa. Any discrepancies between measured and
predicted values of E may be due to the unwarranted assumption made
in this work that Q for the preflame reactions does not vary signifi-
cantly with alkane molecular weight or structure. The validity of
this assumption could therefore be checked by carrying out analysis
of the products. Such measurements would have to be made during
the slow combustion reactions preceding cool flames at the boundary
with slow combustion for a number of alkanes, including n-decane.
From the results of these analyses, Q could be calculated and the
degree of variation with alkane molecular weight and structure could
be determined. Use of appropriate values for E and Q would enable
the validity of the relationship between A e and Ra to be checked.

Thermal ignition theory could clearly form a most useful
and convenient basis for calculating the conditions required for

ignition in asymmetrically heated flammable gas mixtures. Temper-
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ature measurements in the reacting gases would help to establish
whether or not the criterion for ignition is that the temperature of
the bulk of the gas should be raised above a critical value. It would
be best to carry out these studies in cylindrical vessels containing
heated tubes passing along their axes, as such a system would be
simpler to treat from the point of view of thermal ignition theory.

A check could also be made on the applicability to asymmetrically

heated systems of the relationship between E'cr and Ra.



APPENDIX

The computer programme which was developed to predict
spontaneous ignition temperature limits for low molecular weight
alkanes (Section 4.4.5) is shown below. Examples of the predicted
data for alkanes of each type of molecular structure are also given.
The corresponding input data (see beginning of programme for

coding) is given on the pages preceding the programme.
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GNTORD

R TRC2.EQ,.2.0)60T021
TOOMY =m0, 2R05%CN+ (0, 00864T+6.756)
COTN22

21 YCONTI==0, 0554446 CHN4 (0, 02825%T=2,499)

ar TCONISTCONI*10, D%exr(=5,0)
TCONZ2=CO, 016271+, F32)%10,0%%(=5,4)
TCOM3=(0G,0130R«T+2,.6961) %10, 0%x(=5_0n)
RMINA=21 0/ (Y1/TCONT+Y2/TCON2YS/TEANS)
SHMIXI=(YIATOONTI+Y2RTCON24Y¥3ATLOND)
YCOND=D, 5% (RMIXT+SH1X1)

52 TE(P,G6T.15.0)G69T7039
DELTA=3, 35
GOTO4L0

39 W14, 0%Cha2, 0
we=32,0
w3=Z2a,0
1F(ATM FQ,2,0)G0T0A
VAZD=2,B28% (1. 0+ (NT1/U2) %%, 5)
V21Dz2 R2B&((1. .U (Wd/Wi) i nei),5)
JECCN,GT . 6.0)GO0TDY 6
JF(STRUC,FO.1.0)GGTO16
TEF(STRUC.EQ,.2,0)60GTu1 3
TE(STRUC . EQ.3,0)G0T015
TF(STRUC.EG,4,0360T017

16 CPA=C(C0,0124CH+0 _ 0093)wT21.02«(CN**1.318)) /14

GATOTH

13 CPI=S(U.095B2(CN#%0,Y65)%(Twx0_735)) 701
GOTO18

15 CPAI=(0,.68Be(Twxl), 248)) /w1
GOTHTH

A7 CPYI=(0,521%(T%*0.765)) /U1
18 Eué:(?““#?_ﬂvﬁ.1Ep9§{ftiﬁ?&.?*1n.nrwﬁ_n)l(T*T))i13§kﬂﬁ.H

e e s !

Ty
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50
G

TN R AT .

BMIEXZ2ET ., U2y TICPIwY2/ICP D)
SHIX2=(YI*CPI+Y2*(P2)

CP=U, 5% (RMUIX2+SMIX2)

DENS= (P 0N 203% (WI+RATIG*U2IY/(THFACT)
Talw273.0

V200, 506460 D167 *CNIRT+116.5=17  BAaCu+

119,668 (Crnweng O01=0,0588%(Che*3_0)

V2204144742064, 7

VAZ= (Y D41 /V2)esD S)&((NU2/MI)%wD,25))aw2 0)Y/V12D
V212 (0T, 0+ 0(V2/VI )% *e0 5) 2 (T /W2) %%, 25))ww? () /V21D
MEVA/ (Y Oy 2RV 2/ 10402/ (1, 0+YT1%V217Y2)

VaVe10, Oew(=A,0)

TaT+d735,0

RARCS 6 (DFENSk»2 D) «CPw(R2*4TF ) * , 6%R*(Tow2 0D/ CTCONDIYNE)
FTF(RA,GT 4000 _ 10)Y5uTOS0

PDELTA=%, %5

GOTOLD

VAZD=2 RZ2Bw (1. 0% CUT/W2)Yae0,5)

VA3ID=Z2  BAEX (] . 0% WT/W3) ) wx_ 5)

V21022  BZ8% (1, 0+ (W2/WT1) ) nk0,5)

V31022, 828+ €1 .0+ (W3 u1) ) es 5)

V23Dm2 , R2Ex (Y, 0% ( W2/ W32 Yo} 5)

V32052  ReER (Y .0+ WS/ W2))Yn k(. 8)

JELEN,GT 6, 0YGOTNHZ4

TE(STRUC . EQ.1.0)60T024

TF(STRUC, EQ,2,4)G0T026

JE(STRUL .EQ 3 0)GUTN27

TECSTRUC . FO .4 D)GOTO28

CRPI=( (0, 01 2%CH+U 00V 3) 2 1+1,02+(CN*+1,318))/ 41

GOT020

CPA=C0, 09 Re(CNwwil FASY*(TH20,735)) /44

GOTH29

CPI=(0. al3Ba(T2%0, 745)) /W1

GOTD 29

CPI=(0 9521 %(Towi) 763)) /1t

CP2=(29977 .5+4 . 1808*T=(1676,7%10.0%+5, 0)Y/(TxT))/133688,0
CPS=(27RBL 16 2705+T7)/117152.,0

RMIXZ=T 0/ (YT/CPA+VAICDZ4NY3/CBR)
SMINZS(YI*CPIY 2+ CPA+YRECPR)

CP=a0, 5% (RMTA2+5K1X2)

DENS=(P#0 QU010 % (1 +(U2+43%4, 0D *PATIO))/CT*FACT)
Tay~273,.0

VAI2C(U, 304=0.0167%CR)ET+116.3=17 B+Cn+

11,668 (Chisss. (0)=0,0588n(Chav3, ()

Vel , 414w T4206,7

VB3s0, 555%T+174 .3

VAZ2=2( (1, 0% ((VI/V2)a* (0, 5D R C(U2/WN D nep,28)) %2, 0)/V12D
VA= (1, 0% (VI /V3)%=0.5)a ((W3/W1)%e0,.25))ww2 . 0)/V1%D
V215CCT, 00 (qu2/Vt) a0, 5)a( (Wl /W2deen,25))ww?2. 0)/V21D
V232 (1,040 V27V RI%%0,5) 0 ((w3/W2)weii, 25))wn?2, 0)/V23D
VEI=2C(T 00 CCu3/V1)&x0,5)w ({1 /ul)wan, 25) )0, 0)/V31D
VE32=C((1, 040 U3/ V2)d%0,5) W2/ W) wwe(i,25)) w2, 0)/VE2D
vavl /() 04Y2+v T2 FY1+Y3ay13/v1)

Ty (1, 00y %ugl /Ye+y3*y23/Y D)
CHVUB/ (1 DY RNVE1 /N5 2%U32/Y 5)

Vaywi0, Oxxlm6,0)
TaT+273, 0

RAZ(S, 6% (DENGw¥2 D) *CPe(R2ex3 Q)] , 6%R*(To%2,0))/(TCOND*V*E)
TFCRA,GY  A060,G)YGUTOS0

DELTA=3,3%5

GOTOLOD

DELYA=0, 0001%pAsZ 95

PHERw 0O, 0001203/ (FACT*T)

OX=RATIO*EH

TFACT=1,594% (10, 04«18 0)/(EXP(E/(R#T)))

CONC=(PH* &0 A7) % LOX* %0 Q1) EPFACT#TEACT*O, ONNAGREY /YCDND

T



U

41

L3

we

211

46

90
999

LENGTH

HHES(CORCHFEx(R2%# %2 U))/(Re(Tex2 (1))

BIFFT=RES=NHFEITA
DIFFZ2=RELTA=RHKS
YFCDIFFIYLT 42,63
FRACZ2=DIFF2/DELTA
TFC(FRACZ2, LT D, U5)R0T042
T=T+1._0

GuTnas
FRACI=DIFFA/DELTA
TF(FRACY . LY.0,05)YGOTD42
T=aT=1.0

GOTOAHS

WRITE(2,211)R,7
FORMAT(1H F33.1,:F16,.1)
1=14+1

TOCL)=T

ITFCI . EO,2)YGOTY04L6
DTO=TOCIY=TYO(]=1)
TECDTO.6T,406.0)6GUTOYD
pep=5,0

Taton(y)

GUTOLS

CONTINUF

STOR

END

1623, NAME PHDN
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A PRUGRAmME RBASED ON THERMAL JGRITION  THEODRY

VESSEL RARIUS §5.0 CH,

ALKANE CARAON NUMBER = 7

ALKANE POLECULAR STRUCTURE CHE, (CH2)5 . CHE

1]

ALXANE 3 AIR =1 : 10,0
INITTAL IMITIAL
PRESSURF TEMPERATURFE
(KPA) (DEG, ¥)
100,60 5060
95.0 506, 0
9n . 0 506 ,0
85.0 506.0
Bu,0n 507.0
£hatl 5¢G7.0
70.0 SOR/_0
A5, 0 509 .0
60,0 509.0
55,0 510, 0
50,0 511.0
45,0 513.0
60,0 515,0
35.0 517.0
0.0 519.0
25.0 523.0
20,0 \ 528 .0
15.0 535.0
10.0 565,0

? 5.0 563.0
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A PROGRAMME BASED ON THERMAL 1GNIVICGN  THERORY

VESSEL RADIUS 5.0 Cwm.

n

ALKANE CAarRBON NUMBEP 8

ALKANE MOLECULAR STRUCTURE

"

(CH3I2,CH, (CHRYL, CHY

ALKANE @ ATR = 1 ¢ 15,0

INTITIAL INITIAI
PRESSURE TYEMPERATURE
(KPAY (DEG,K?Y
1060 423 0
95,0 9%, 0
90,0 &97% 0
85,0 94,0
8,0 L4 .0
75.0 494 .0
70.0 495.0
65,0 L94 ()
60,0 L4946 .0
55,0 497 .0
50,0 498.0
45,10 500, 0
40,0 S02s0
35,0 S504.0
36,0 504,10
2.0 510.0
0.0 515.0
35.0 : 522.0
1968 532.0

3.0 549 .90
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A PROGREAMMFE BASED ON THERMAL JGNITION THEORY

VESSEL RADIUS 8.0 EM;

ALKANE CARROM NUMGER B

L

ALKANE MOLFCULAR STRUCTYURF (CHB)Z2,CH,  (Cu2Y2 . CH, (CHE)2

ALKANE 3 NIR = Q0 98,0
INTTTIAL INITYAL
PRESSURE TEMPERATURE
(KPA) (DEG,¥)
100,0 £95 . 0
95,0 495 .0
RO 4946 0
85,0 L9646, 0
80.0 Lus O
75.0 607 .0
70.0 497 .0
65,10 L9K 0
au 0 499 .0
55.0 500,90
59.0 50%1.0
45,0 502.0
606, 0 5404,0
35.0 506.0
0.0 509 .0
5.0 543.0
ct.0 518.0
1550 524 .9
10,0 536,('

5.0 552.0
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A PROGRAMME BASED ON  THERMAL JTGHITION THEORY

1]

VESSEL RADIUS 5.0 Ch,

ALKANE CARRON NUMRBRER 9

PLKANE MOLFCULAR STRUCTURE (CH3)3,C,(nH2)2.CH. (CH3Y2

i

ALKANE + AIR = 1 : 15.0

INTTYIAL INITIAL
PRESSURE TEMPERATURE
(KEpPA) (DEG, &)
100,0 524 .0
95.0 524,09
94,0 525, 1
85,0 525,40
8.0 S¢5.0
75,0 526,10
70,0 527.0
65,0 527 .0
61,0 525, 0
55.6 529,0
54,0 531.0
45,0 532.0
40,0 534,0
55,0 536,10
3.0 §3%9 .0
25.0 543,06
20,0 $46 .0
1550 556,10

10,0 567.0
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