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ABSTRACT

Studies have been made of the oeeeGa 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-trimethlhexane. 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

fa 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
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respectively. Asymmetric heating of n-decane-air mixtures was

achieved 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



by the more readily ignitable component, n-decane.

Under conditions where heat transfer 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.

Spontaneous 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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Teel Introduction

The combustion of hydrocarbons in 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

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. 1 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 quantities of dangerous meri at 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. 4 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

which 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

approximately ten 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 tend 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 plants

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 better 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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1) 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

liquids. 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 aflame. 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;® 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 tm 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. In 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 even 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, anda

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 spark 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 vessel 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 dissipation,

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

situations, 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 least

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
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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 good comparisons for the

relative tendencies of the compounds to undergo spontaneous

ignition, the values reported are not reliable measures of their

ignition hazard.
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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. 4 Furthermore, at least 40% of the 52 fires

which occurred in oil refineries and chemical pishie 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, ina

majority of cases, with the formation and subsequent spontaneous

ignition of a lubricating oil mist in contact with an over-heated engine

part. as In a more recent publication, one of those responsible for

the above investigation has outlined the initiation and development of

el explosions in ships, considering in turn the explosive

medium, the source of ignition and the behaviour and control of

the explosion flame. ue 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

fuels. 2!-24 Some of these studies have been concerned with

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 I

The spontaneous ignition temperatures in air and at atmospheric

pressure of some aviation fuels.

ai

Spontaneous

Fuel ignition Experimental Reference
temperature | conditions

(°C)

Jet, J.P.6. 230 200 cm? 23
spherical

vessel

AOViT. UR. 210 18 in. diam. 22

spherical

vessel

Kerosene, SR 312 210 6 in. diam. 18
rf 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

nw
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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 hydrocarbons

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

Tous

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.



Initial temperature (arbitrary units)

Figure 1.1

A simplified ignition profile showing regions of different

types of combustion phenomenon

A 1-stage ignition

Slow combustion

single or

multiple

cool flames 2-stage ignition

Initial pressure (arbitrary units)
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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. eo 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. ~

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, 26,27

the cool flames of cyclohexane were inhibited. 28 The multiplicity

of n-butane cool flames has been shown to be reduced in the presence

of, MnClo, NiClo, CuCly, PbClo, KCl and KI surfaces. ae

Surface coatings of PbO have been found to be very effective

in inhibiting cool flames. 2” 28» 29
In all these cases, the inhibition

has 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 HO, and #A0;°°, Recent work has



26

shown that the large effect which some surfaces have on the gaseous

combustion of hydrocarbon fuels may be correlated with the efficiency

1of the surface in destroying HO, and Hy0o. Se Three categories

of surface were thus defined; the first is inefficient in the destruction

of both HO, and Hy0, (eg. silicic acid, boric acid, phosphoric acid,

germanium dioxide and titanium dioxide), the second destroys HOg

by a diffusion-controlled process (eg. metallic oxides, and probably

hydroxides, and salts in general), and third destroys both HOg and

Hg0g9 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 spontaneous ignition

temperatures of benzene, toluene, isooctane, n-heptane and

hexadecane, 19 A similar relationship has been shown to exist

for aviation and jet fuels. 18, 23
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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.°° It is suggested that

inhibition in the early stages of reaction is due to chemisorption of

OH and HO, radicals on the reaeten 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 RO, radicals, leading to the decomposition 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. 34

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 attained, the radical concentration is far in excess of its

equilibrium value, and two-stage ignition occurs.

It was further suggested?> 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, 29» 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

average distance of a molecule from the surface. 25, 36 It was

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 case 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

disproportionately large effect in lowering the flash 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 a 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



30

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 ignit&ble component. a 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. Si 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 l-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. ze In fact, partial replacement of

the alkane by the alkene retards the cool flame stage of oxidation

more effectively than does replacement of the alkane by an inert

gas. Above 300°C, 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. oe
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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 Inert 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. a0

From Cee 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. 4!

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 12.0-14.5%

Oxygen 2.5- 4.5%
Sulphur dioxide 0.02 - 0.03 %

Nitrogen About UWE,
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 nitrogen

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 promoting influence

on ignition by the addition of inert gases has been found to be less

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



34

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. a

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. Asa result of a series of very detailed studies, Walsh and

his co-workers*?~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

et al. aie has thrown some doubt on the conclusion that a fog of

solid particles is involved. This work suggested that tetracthyl

lead increases the delay period for the growth of hydroxy] 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: pe

PbO + OH ——~ PbO(CH)

followed by

PbO(OH)+ OH abo + H,O
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and by the reduction of PbO» 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. pe

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. paleo Mixed organo-

halogen compounds and carbon tetrachloride have also been found

to be effective in narrowing flammability limits. For example,

the addition of as little as 0.5% bromochloromethane to n-hexane-air

mixtures reduced the upper flammability limit from 6.7 to 5.0%. a
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, 55 the effectiveness of

these additives is essentially the same as that of an equivalent amount

of bromine which is chemically incorporated into the additive. xi

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 CF. radical

contributes in some way towards inhibition. The mechanism by

which inhibition takes place was thought to involve the removal by

a hydrogen halide of the chain-propagating radicals, viz:

R+HX—X+RH

where R represents H or O atoms or OH or CH 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. 58 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 well-detined 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.
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On account of this, it was suggested that the bromomethanes

themselves do not appreciably 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 —rH,O + Br

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

sequence:

+HCHO +05 CH 4

OH: CHO HO,
or HCHO

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. om

Both saturated and unsaturated halogen compounds have

been shown to promote cool flames and two-stage ignition in

cyclohexane and n-heptane. Be
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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. 39 Studies of

the 'anti-knock' action of aromatic amines have shown that all the

anilines in which both hydrogen atoms of the -NHy group are

replaced by alkyl groups have no effect on the tendency of a fuel

to 'knock'. 0 Conversely, tertiary aromatic amines were found

to be more effective ithibitors of non-engine combustion than were

less highly N-substituted amines. a

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. We 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 In 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 perial

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:

CoH;NHy + CH,CHO —— COHN = CHCH, + HO.

Secondly, a subsequent hydrogen abstraction from the imine leads

to a resonance-stabilised radical which is unable to propagate

effectively the reaction chain, viz:

RO» + CH,CH)N = CHCH, ——>
3

CH,CHN = CHCH, + ROOH

Bi
CH,CH = NCHCH3.
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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. a8

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. 85 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.) Re
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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: cs

CH3CHO + NO» CH3CO + HNO,

CH,CO + NO, —— CH,CO, + NO.

The nitric oxide then combines with the acetyl radical, normally

the chain initiator, to form the stable compound CH3CONO:

CH3CO + NO —+CH,CONO.

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 figure1.1. In

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 Lg 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: iD

The propagation of a cool flame through a fuel-oxidant

mixture occurs after a finite induction period, v,, following the4?

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

hydrocarbon, the induction period varies with initial temperature,

To and pressure, P., and at a constant temperature, the variation°?

with P, of 1; follows the relationship:
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-n
Tv) = Ke + C

where k , nandCare constants. This equation has been shown

to hold both at low and high pressures in the oxidation of

Cee values of n have2-methylpentane, n-heptane and isooctane.

been calculated from the logarithmic variation of T. 1 with P ip 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. as

At constant pressure, an Arrhenius relationship holds

between vy) and initial temperature, and from the variation with

reciprocal temperature of YT Lv the effective activation energy,

Eogp, 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. 74

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

L/ v% vs L755 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. 15

The variation of 1 z With 1 116 has also been reported to be non-
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linear for the oxidation of n-heptane and isooctane at high pressures 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 Tie with 7 follows

a similar power law relationship as was shown to hold for Ty, ie

viz:

Me KP, 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 Ty. 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’® that the cool flame in two-stage

ignition has a controlling influence on the second stage. Consequently,

the variation of Te with the total pressure change accompanying

the cool flame, AP), has shown to follow a power relationship

of the form:

A -m
"~e = BAP,
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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. v1

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, 78 viz:

ChHon+2 {205 > Cons + HOg (1)

Since the activation energy for this reaction is estimated to be 45

to 50 kcal. mole”!, the reaction proceeds relatively slowly and

selectively. The ease with which the C - H bond is broken decreases

in the order tertiary>secondary)primary.
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1.6.3 Chain propagation

A simplified scheme for chain propagation is given below:

CyHons i + O25 Cy Hon, 100° (2)

Cr Ho, 4100 — C,H, ,OOH (3)

C,,H,,,00H oD products + OH (4)

C\Boug + Oh ———> Cin, ; + 8,0 (5)

Reaction (2) is believed to be important at low temperatures (300°C) 5

and requires virtually no activation energy. 3 At higher temperatures

(>400°C) however, reaction (6):

CyHypiy + Og —>C,Hp, +HO, E=7-10 kcal.mole! (6)

may compete effectively with reaction (2), the initial collision complex

Choy, 4102 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 (1):
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CyHp,OOH + 07 ——> OOC, Hy OOH )

involving addition of oxygen to the alkylhydroperoxy radical, may

however compete with reaction (4); this is particularly likely to

occur with & -alkylhydroperoxy radicals. 80)

The abstraction of a hydrogen atom from the alkane by an

OH radical (reaction (5) ), which completes the linear chain, requires

a low activation energy (E = 1-2 kcal. mole~!), 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):

CyHo, + HO, ———> Q- C,H, OOH (8)

© -CHy,OOH +0,—> 000, Hy, 00H (9)

00C,,Hy,OOH + HOy—> HOOC, Hy, OOH + Oy (10)

HOOC,H, OOH ———> ketone + 20H (11)

CyBonse + Cp ae C Hons + H90 (12)

CyHony1 + Og ———> C,H, + 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 HOg 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):

CyHyn 4100 + CrBoni2 ra CHon4100H + CyHonit (16)
in competition with reaction (3), and may then decompose by

reaction (17):

CyHo,41008 ———> C,Hp,,10 + OH (7)

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

energy of this reaction is at least 35 kcal. mole”, When there

are sufficiently labile hydrogen atoms present (eg. in aldehydes),

reaction (18):

C,H5,,100'4+ AH ——> CHa 41008 +A (18)

may be more important than reaction (16).

Dihydroperoxyalkyl radicals may be formed by reaction

(19):

O0C,,Hp,OOH + C,Ho,,9 ——> HOOC, Ho, OOH + CHy 14 (19)

or by a reaction similar to (18), occurring in competition with

reaction (10). Dihydroperoxides may decompose in reaction (20):
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HOOC, Hy, OOH — 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):

HO, zi CB .2 Ere H 02 + CyHon yt (21)
and subsequently decomposed in reaction (22) :

HO. +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”, =

and therefore probably becomes important at higher temperatures.

As the oxidation proceeds, chain branching may occur as a

result of the abstraction by molecular oxygen of a labile hydrogen

atom from an intermediate oxidation product, such as an aldehyde, 90,01

CyHon41CHO + O02 ——> C,Hp,,,4CO + HO, (23)

As the temperature is raised, reaction (23) may well become

more important than reaction (17). uo

1.6.5 Chain termination

Termination of radical chains may occur both by homogeneous

radical-radical reactions (24) - (26):

20H, .100 =a C,H jOOH + ClHon + 0, (24)2n+

C,,Hy,00 + HOp ——> C,H, ,00H + 0, (25)

2HO, ——> Hy0» + Oy (26)
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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 4 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 Ly to Lg with increase in temperature? 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 alkane 9, 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 reactions”? 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 proposed”? that

the predominant mode of alkylperoxy radical isomerization varied

with temperature, and that there was a correlation between each lobe
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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 Ly, 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 Ly and Lg 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 shown?” that the

predictions were not always correct.

Changes in the nature of the chain-branching reactions

Lucquin proposed’? that the degenerate chain-branching

agent changes between lobes Ly and Ly, and that two other lobes L,
2

(lowest temperature lobe) and Ly are special cases of Ly and Ly

0

respectively. Lobe Ly was shown to be associated with reactions

(27) and (28)

RO, —+AH + OH (27)

RO, +AH —*RO,H +A (28)

degenerate

branching.

where AH is a compound, such as an aldehyde, which contains a
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hydrogen atom more readily abstracted than those in the parent

alkane.

Lobe Ly 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 lo 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 Ly mechanism is believed to involve reactions (27)

and (29)

RO, — AH + OH (27)

AH + Oo, —AO,H (29)

degenerate

branching

in which AH is probably an aldehyde. The magnitude of lobe Ly

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 Lg is thought to be associated with reactions

analogous to (27) and (29), where AH is formaldehyde.
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VY 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 Hott?3 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 n'? order reaction of exothermicity,

Q cal. /unit mass, will be given by:

4 = QVp Aexp (-E/RT)C,TM (1.7.1)

where V is the volume, p_ the density and C 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, q,

from the reactants to the surroundings is given by:

oo = Ch = 1.) S (L572)

where X (cal. sec72unit area”) is the heat transfer coefficient.

Figure 1.3 shows three conditions for 44 and two conditions

for qo as functions of the temperature. Curves a, b andc represent

heat release rates corresponding to different initial concentrations

of reactant, and heat loss lines I and I correspond to reaction

vessels of different surface area.

For a steady or stationary state to be possible, G_ must

intersect Gy» and ignition would clearly always result if heat were

lost according to line Il. 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 c, and causes the

reactant to self-heat to a temperature, Ty; which is a stable



56

re 1.3

The variation with temperature of heat release

Fi

and heat loss rates(s}tun  Are.jtq.2e)  Sp  pue
Th

Temperature (arbitrary units)



57

temperature correspon to a stationary state. If under these

conditions the reactant temperature rises above Ty, it will soon

cool again to this temperature.

The temperature, To, 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,.

(ii) 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, Toy 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 Tae To:

At the point of tangency,

Gy = ds (1.7.8)

and dq; = dd (1.7. 4)

alencta

By expressing equations (1.7.3) and (1.7.4) in terms of equations

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

-T = =RT_2/DA ae ees RT ELE

2 esor Rea enh Poa

E

and therefore,

T., = LEQ -4RT/B)* (1.7.5)
2R/E

Examination of equation (1.7.5) reveals that an explosion is possible

only when O<To< E/4R. If solutions with the positive sign of the

terms under the square root are considered, values of Dor will lie

in the range E/2R Soe <E/R. Clearly, the maximum value for

Toy Will be very high (15.0 x 10° °K for E = 30 kcal. mole74), 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

and these are best obtained in a general form by expanding (1 “ART, 7m)?

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

4

_ 1-(L-4RTQ/E)? _ 2 (RTG/E) + 2 (RTo/E)2 +4 (RTY/E)3 +...

NG 2R/E 2R/E

For RT,/E <0.05, terms of the series greater than 2(RT,/E)? may

be neglected, thus introducing only a 0.05% error in the measured

value of To, Thus, for a given reaction, the maximum critical

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

2
FE To +R, /E (1.7. 6)cr

or De ears RT G/E (1.7.7)

At the critical stationary state condition, equation (1.7.4)

gives:

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

RT cr

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

1 1 f(y Shor see )
vee Tot aT. ae To

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

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

EQVepA exp (-E/RT,) P..” recs ;,

n+2
R Aye

which may be rearranged to give:

n n+2 5a [Per yp Ty | = (E/RT,) + constant (1.7.10)
where the constant = In (RXS /EQVApe). Thus, the variation with

reciprocal temperature of In tes) 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. 95

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

Wg = X(T - by) Ss

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-Kamenetskii?® 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:

ww°T + @ = 0 (1.7.11)

where the dependence on temperature, T, of the thermal conductivity,

\, has been neglected. 96 In this equation, V 2 is the Laplace

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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a = QAexp (-E/RT) C,” (1.7.12)

The solution resulting from the integration of equation

(1.7.11) under the boundary condition:

eal

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 ) 6

Equation 1.7.11 now becomes:

VT = 9A exp(-E/RT,)C,” exp ( E(T-T,)/RT,* ) (Lovnd3)

and in order to simplify the integration, Frank-Kamenetskii defined

two dimensionless parameters. 96 Firstly, he introduced a

dimensionless temperature, @ , where:

9 =E(T-T,) /RT2

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:

z2=x/r

in which r is the characteristic dimension of the vessel. Equation

(1.7.13) now becomes:
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2

Ne GO a <8 exp.0 (1.7.14)

where 6 is a dimensionless rate of heat release given by:

&= @ EB Aca (-E/Rt,)c," (1.7.15)
he, Boe

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:

5= constant = 6 er

Using the boundary condition that:

@= O when z =1

Frank-Kamenetskii solved equation (1.7.14) analytically for the case

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

Sor = 0.88

with a corresponding maximum pre-explosion temperature rise of:

Aven = 1-2 RT? =
E

Similarly, using the boundary conditions that:

@= O when z = 1,

and d@ /dz = Owhen z =O,

Frank-Kamenetskii solved equation 1.7.15 by numerical analysis

for both an infinitely long cylindrical vessel and a spherical vessel,

and showed that § cr bas values of 2.00 and 3.32 respectively. oY

The corresponding maximum pre-explosion temperature rise ina

cylindrical vessel was found to be:

2
RT

AT... = 1.37 o
E
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and in a spherical vessel, to be:

AT ae 1.60 RT”
E

These values for So, and AT os have 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. 96, 99

However, for azomethane and ethyl azide, the variation with 1 fis

of In(P,/T,°), 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

101,102 theseclose to the critical conditions were established.

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 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 T; is the ignition temperature of the

heated surface, and Ty is the Remperatine of the cold surface.

(i) Parallel walled reactor with a distance, d, between the

walls.

1/2a= | AE, -7 927%

2QW,RT;2

Where wv, = reaction rate at Tj.
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(ii) Small heated sphere of radius, r.

1/2
Peat AE (Tee Tae

22QW RT;

(iii) Hot wire of radius, Tg, passing along the axis of a

cylinder of radius, ry.

a7 4/2
ryin Tt = [ 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, 6 cr? 28 defined by Frank-Kamenetskii, was

obtained as a function of two dimensionless parameters which were

®, and a. The dimensionless temperature, ©, was defined as:oO’

9 = E(T, -T,) RT,”
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and the dimensionless heat transfer coefficient, a , was defined

as:

a= Xr/yX

where X = heat transfer coefficient at the reacting

medium/wall interface.

iz u half-thickness of reacting medium.

d 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 6 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, tT. is almost that of the environmental

temperature, T, A new critical ignition parameter, 6 cre waso

expressed conventionally in terms of the half-thickness of the

annulus, and given by:

Sort = Sap (to - 2) 4

where rj = radius of the inner face,

rg radius of the outer surface.

Furthermore, it was shown that:

co 2Ber’ = (Ig) +14 ) /8
= 2where 62 = Bet) / RT;
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This result is the same as the expression which was obtained for

a reactant in the form of a plane-parallel slab with the hot face in

contact with a perfect insulator, with a>1and |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:

AH, AH,
A——> x pe

Ey Eo

(1) (2)

where |AH, | > |AH, | and E, > Ej. 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 isproduced chain-carrier, x.

outlined below

stable products

isk b
A Shee. x p> 2X

i b

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 EL < Bees E?,
t b t

The model is based on the variation with time of the

concentration of the chain carrier, x, (kinetic equation) and of the
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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 Yang ele 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. Gy = 4 and

dqy /AT = dqy/dT as in Section 1.7.2).1°8 ‘The thermal diagrams

can also explain the existence of cool flame oscillations, a negative

temperature coefficient region and lobes on the ignition profile

boundaries. 109

Recently, a detailed model of the non-isothermal oxidation

of acetaldehyde has been devised which, unlike the model of Gray

110 theand 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.
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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 identify 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 Cy) , 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 1.17.3).
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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 in asymmetrically heated

gaseous reactants in which the effects of convection are significant.
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Zeke THE APPARATUS

2.11. 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 8mm. 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 em® flasks,

Fi 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 2mm.

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

T5 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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glass beads.

mercury manometers,

heated premix vessels.

pressure transducers.

rotary pump.

550 cm® volume reaction vessel.
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4 Rotaflow greaseless taps.

ground glass manometer valves.
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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 Can

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 touse. 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 ond 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

sudden 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 pumping section, bounded by TR5 and RP, was

constructed from 8 mm. i.d. tubing. A vacuum of 1074 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 the 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 cm” 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 cm. 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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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 (+ 1° K) exists over an 11 cm. length of the furnace tube. In

this region, the temperature variation across a 12 cm. diameter of the

furnace tube was less than 1-99 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

temperature 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,

2.108% 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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The Solenoid valve.
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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 thermocouple junction was made by butt-welding 0.0025 em. 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.

The micro-thermocouple.
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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 method. 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 Ri to R3, and potentiometer, VR1,

facilitated fine adjustment of the transducer output.

as 1355 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.





Key to figure 2.7.

Ri = 3.9KQ

R2 S 3.9KQ

R3 = 68 KQ

VR1I = 5 KQmult iturn, helical potentiometer.



Figure 2.7.

The pressure transducer and zero-balance circuit.
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The amplifier was intrinsically balanced by adjusting the

potentiometer, VR1.

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.

2.236; 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. 2methylheptane, 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.

2.3.1. 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, Si, considerable head and

tail fractions being rejected.



98

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 Fl 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 were 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 enrorenecunbae! 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, anda 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 100kPa. 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, (¥, in 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, AP The inductioni

periods of the ignition effect pulse, Lie » and those preceding the

second cool flame, To, and ignition, Vigs (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) ax uct

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 Po represent the initial and

final gas pressures in the reaction vessel, and A Py 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 P.fen the second cool flame,

AP, and hot ignition, A Pist

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 anI,.C.L. 1905 digital computer.
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SECTION 3

RESULTS
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Sel The combustion of pure alkanes in air and oxygen

Bate 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, Py 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, 1 (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 8.2b). 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 560°K, and these have been designated A and B
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respectively.

Within the single cool-flame region, there is a region in

which two cool flames may propagate consecutively, 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 a 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
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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

mixture 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 results 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).

8.1.1.1. (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 3.17);

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
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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

oO 492

f 2 c
e &

BS
Dies
Bes
o oO

& &
Ne id
st ite}

a aw

° O° 4e

pant oe

st

AR

Cee. ees

520 |— 500 -—-
|

=580 -—
|

Oo
oO
1. w

(Ig) sinjyeredurey [TeryUy

Initial pressure (kPa)



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, Po

of the maximum transient pressure rise accompanying the first cool

flame, AP,, for 1:10 n-decane-air mixtures. A relationship of

the form

AP, =AP)TM (3.1)

has been shown to hold for these mixtures, and figure 3.9 shows

the variation with log Py of log AP,. 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,

To: of AP, for 1:10 n-decane-air mixtures at a pressure of 35kPa.

Although AP, decreases steadily as oe increases, the curve shows

a distinct point of inflection corresponding to a temperature of

ca. 530°K.

The variation with a and Po of the locus of a constant

value for AP, 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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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) aed for 1:15

n-decane-air mixtures at a constant temperature. Loci of constant

(dp/at) 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) ax.

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, icreases 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 ton-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 v preceding the first cool flame in 1:15
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Figure 3.13

Loci of constant (dp/at) vax for a
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Figure 3.14

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

initial temperatures. Initial pressure = 30kPa
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Figure 3.15

Variation of Ty with ue and PB 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.a, b, c

and d respectively.

Below ca. 525°K, vy 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, T 1 becomes

smaller. These effects are shown in figure 3.17.

At all temperatures, the relationship

v, =kP "+c (3.2)
1 °

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 vy, it has recently been shown!!8, pa that

this assumption is incorrect, and that the value of C has a significant

effect on the absolute values of nandk. Using a previous computer

programme! 8 | values forC, 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 Po and vy values until the

coefficient of correlation in the relationship

log (4 -C) = logk - nlog P, (3.3)

was at its maximum value.
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Figure 3.16

Variation of vy with ae and Po for several n-decane-air

mixtures
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Table 3.1

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

Temp. (CK) 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 2.39 1.05

Air/n-decane

= 10.0

k 2186 | 3666 330 | 143 215 64 24

n 1.14 |1.60 | 1.11 |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 | 1.37

c 4.96 |2.12 {1.26 |0.78 | 0.59

Air/n;decane

= 20.0

k 936 979 683 | 104 112 63

n 0.73 |1.138 | 1.29 0.90 {1.23 {1.21

c 11.8 | 6.52 |2.04 |1.99 |1.08

Air/n-decane

= 25.0

k 400 | 410 | 122 97 81 | 40

n Ont2 | td 2: 0.96. 14.19 -41 11.29

ie 2.38 | 7.89 B.09 {1.52 -08 | 0.66

130
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At an initial temperature of 523°K, the variation with

log Po of Ty for the 1:15 n-decane-air mixture is markedly curved,

whereas the variation with log Po of log ( T 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 ae and of log k

versus log T, respectively.

The variation of Y , with 1/T, for 1:15 n-decane-air

mixtures at several initial eoiires 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 at temperatures

below 510°K, 46.8 keal.mole = in the temperature range 510 to

538°K and 38 kcal.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 Ty of 533°K. In this case, the

overall activation energies are 46 keal.moleTM and 28 eal moles”

at temperatures above and below 5383°K respectively.
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Figure 3.23 shows the way in which log T 1 varies with 725

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. 42.5k ealeroleg oe At temperatures above 5338°K

however, the slope of the lines changes markedly with mixture

composition, and the overall activation energy varies from 20k cal.

faoles for a 1:7.5 n-decane-air mixture to 43 k calemiclers 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, To, 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

Tv, 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 ie?

and the second stage of two-stage ignition, ce g

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 logig © 4 with reciprocal of a 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

Mise for a 1:10 n-decane-air mixture is shown in figure 3.25.

Clearly Tin varies very little with PB up to ca. 30kPa; thereafter

en 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 “ of

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

form

7.7 BAPYTM } (3.4)

is shown to hold, the constants B and m being independent of

temperature. Figures 3.26 shows the variation with log AP, of

log Te 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 ,, with Pat 563°K.
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Figure 3.26

Logarithmic relationship between { ig and A Pie
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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 c 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 Dak. ; 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, Poy corresponding to the slow combustion/

cool flame boundary, the value for AT. ax is the largest possible

one in the absence of a cool flame and is denoted as AT... (figure

3.27.b). However, at pressures greater than Poy 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 c 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

toca. 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 AT ax:

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

greater and sometimes smaller than AT.
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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 c

respectively. At an initial temperature of 543°K, 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°K, the temperature

profile is asymmetric, and the maximum temperature rise in the

gases occurs some distance above the centre of the vessel.
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3.2 The combustion in air of fuel mixtures containing

n-decane and 2, 2, 5-trimethylhexane

SL 2e8 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



Figure 3.29

Spontaneous ignition temperature limits for

1:15 fuel : air mixtures
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Figure 3.31

Ignition profiles for 1:15 fuel air mixtures containing

(a) 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 ina 1:15 fuel-air

mixture by 2, 2,5-trimethylhexane. 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, AP),

and second, A Po, 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 Py of log AP, 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 Po and Ty of the loci

of a constant value for AP, 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 AP. Furthermore,

these maxima occur at higher temperatures than those occurring for

pure n-decane, which are less well-defined.

The variation of AP, with Po 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) tia The locus representing a mixture

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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Figure 3.34

Variation of A Py with Py for several

1:15 fuel : air mixtures
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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 1

The variation of v4 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, c andd

respectively. From these curves, it is clear that, as the proportion

of 2, 2,5-trimethylhexane in the fuel mixture increases, Ty becomes

more pressure dependent, and for a given temperature and pressure

Ty increases. The latter effect is better illustrated in figure 3.37,

which gives the variation of Ty with initial pressure for several fuel

compositions at a temperature of 543°K. Figure 3.38 shows the way

in which Ty 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 v4 relative to the value for a fuel consisting of pure

n-decane. This increase in Ty 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

n
T == KPS £71

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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Figure 3.37

Variation of T 1 with Po and fuel composition.

T, = 543°K

159

mole % n-decane in fuel

80 |— @ 90

5 70

A 25

10

60 ;—

\
Q

L h

fi
o

a2a 40}-— \
e

a

ee a

e 
aoe

h

a

pe Oo.
ears oO pee
Saar > eet: Ot

| | \ | ! |
20 40 60



160

Figure 3.38

Variation of T 1 with fuel composition.
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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 logy gk against logsoT, which are shown

in figure 3.40. The variation of logy oC with 1/' Le 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 log (Ty -C)

against logygPy for a fuel containing 10 mole %

2,2, 5-trimethylhexane at 533°K and for the pure nonane isomer at

593°K. Clearly, the plots for logy gt y are markedly curved whilst

those for logy 9( vy -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 YT, of T 1 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
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Mole % 2, 2,5-trimethylhexane in the fuel
Temp.

co s 2
kx10 n Cc kx10 n Cc kx10 n Cc

493 10.6 0.7] 0.0 - - - = = =

498 12.0 0.6 |14.1 - - - - - -

503 5.1 0.6 | 0.0 Tod 0.6 | 0.0 - - -

513 9.1 1.1]10.7 | 4.4 0.7} 0.0 - - -

518 - - - - - - A) 0.9 | 2.5

523 1 1.4] 5.5 1.9 1.5 |11.8 - - -

528 - - - - - - 13.0 1.2) 5.2

533 2.4 1.1] 2.9 | 6.9 1.3 | 5.9 - - -

538 - - - - - - 30.0 1.6 | 4:6

543 1.4 Sela) 8.7 1.7 | 4.0 - - -

548 - - - - - - 15.0 1.6 | 3.2

553 - - - 2.6 Lert. - - -

558 - - - - - - 6.8 LeShPi59

563 - - - 1.4 1.45) 1.1 - - -

568 - - - - - - 9.2 1.8) 1.3

573 - - - 5.9 1.4 | 0.7 - - -

578 - - - - - - 5.4 1.8) 0.9

587 - - - - - - 2.2 1,3} 028



Table 3.2 continued

75 mole % 2, 2, 5-trimethy- Pure

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

k n C, k n Cc

513. | 2.8x10° 3.5 | 31.9 E 2 s

523 | 8.1x10° 7.5] 0.0 2 E 2

528 “ = - | 5.1x10° | 2.2] 0.0

533 | 2. 2x10° 1.8| 7.2] 2.4x10® | 3.2] 11.6
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3.2.2.5 Induction periods preceding the second cool flame, T 2

The variation with initial pressure, Ps of T 2 ata

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 T 2 becomes greater,

and the position of this minimum is moved to higher pressures.
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3.3 Spontaneous ignition in asymmetrically heated

n-decane-air mixtures

$23.4 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, T;,

required to cause spontaneous ignition of the mixture, was determined

for each tube for a series of vessel temperatures, Ty between 357

and 493°K.

The variation of T, with I for each tube is shown in

figure 3.45. Clearly, for the 2.4 cm. diam. tube, as the value of

Ty increases towards the spontaneous ignition temperature limit for

n-decane in an empty spherical vessel, T; decreases markedly.

The variation of T; with tube diameter, d, for values of

T,, between 423°K and 453°K, is shown in figure 3.46, from which it

can be seen that, for each vessel temperature, T; 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, AP,, and two-stage
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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, Ty of the maximum

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

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

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

above ca. 553°K.

The variation of (dp/dt) with T,, at the critical
max.

condition for ignition (T, = T,) is shown in figure 3.48, from which

it is clear that a relationship of the form

rs n
(dp/at) max, = constant te

applies.

3.3.3 Ignition delay, T .
ig

The variation with tube temperature of the induction period

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

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

453K.

Table 3.3 gives some values of Te 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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Table 3.3

Values of Te for each tube and several

vessel temperatures

Tube diam., d. 5 fe
(ete) TC K) 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

453 710.0

403 30.0

2.40 423 35.6

453 59.0
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SECTION 4

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 chain’,

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

conditions "°, 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)!45,

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 attempts.”

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

11,117 Ga A10 aod nactaneee’)and these also(n-hexane , n-heptane

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 Ly mechanism on the

basis of Lucquin's theory (Section 1.6.6). Without analytical

evidence, it is not a simple matter to identify Lobe B with an Ly or

Ly mechanism although a preponderance. of the evidence presented

below favoursits association with the latter mechanism.

According to Lucquin”?, the assignment of the Ly mechanism

to Lobe B implies that between Lobe A (Ly) and Lobe B a change takes

place in the nature of the degenerate chain-branching agent. Sucha

change should be reflected in the kinetic parameters characteristic

of the combustion reactions, 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 Py in figure 3.10. Similarly, both n and k in the

equation
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(figures 3.20 and 3.21 respectively) pass through distinct minima

at ca. 520°K as the temperature is varied.

70
Lucquin observed ~ that the L, mechanism is favoured by

2

a high oxygen concentration so that the induction period preceding the first

cool flame, T LP 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,

Tv, decreases with increasing air-n-decane ratio (figure 3.17)

whilst in the temperature region defined by Lobe A, T 1 shows a

slight increase which, according to Lucquin, is characteristic of an

Ly mechanism.

The two-cool-flame region lies in the ignition profile

within the temperature range defined by Lobe B (L,). This is not

considered in Lucquin's studies “° which have shown that it is the

Ly mechanism which usually favours cool-flame periodicity. How-

ever, recent studies of the combustion of n-heptane” 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 Luequin @

From the foregoing discussion, it seems likely that Lobes

A and B are associated with Ly and Ly mechanisms respectively.
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This conclusion agrees with the recent assignments” of Ly and Ly

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 whole!2®,

Cullis and Hinshelwood!?? 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.

CHS) - C - CH, - CH, - CH - re

(a) (b) (e)

For attack at carbon atom (a)

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

S =3 (1x 1/3 x 1/3) +2 (1x 1/8) = 1.0

while for attack at carbon atom (c)

8 =3 (121/73 = 1/3 < 1/3) +2e1.. = . 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 CH, group is associated with the lowest

value of S. The significance of this result is not certain, but it has

been parent that initial attack by oxygen at a CH, 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



Calculated values of minimum stability factors

for several alkanes
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Alkane Molecular structure Minimum | 8.1.1. at

stability 60kPa(°K)
factor (S)

*

2-methylheptane (CH3)5 CH CH, CH, CH, CH, 0.55 497

i *

2, 5-dimethylhexane (CH3). CH CHy CHy CH (CH) 4 0.90 499

2, 2, 5-trimethylhexane (CHg). C CH, CH, CH (CH) 2 1.00 529

*

2, 4-dimethylpentane (CHg)g CH CHy CH (CHg)o 1.38) 544

2, 2, 4-trimethylpentane (CHg). c CHy CH 9 (CH) 9 1.66 548

*

2, 2, 3-trimethylbutane (CH), C CH (CH), 3.00 f

* 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 prenosed. 70 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.

Saloviaes 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 CH, 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 tendeney sn. 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

acool flame, AP , ina reaction vessel of constant volume results

from both a idee id rise due to the exothermicity of the reaction

and a simultaneous increase in the number of molecules present.

Sokolik and Vantovakii se have shown that a relationship of the form:

Pot
ae

= C+AP
°

holds for the combustion of isooctane-air mixtures, where C and A

are constants and Pot 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

APY = Dae, (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, AP, f 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 T. 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 Ty of AP, at constant pressure will,

follow the fluctuating values of m. This is shown to be the case in

figure 3.10, from which it can also be seen that the two AP, maxima

lie in temperature regions defined earlier in terms of Ly and Ly

reaction mechanisms.

Similar results have been found for the high pressure

73, 74
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 Py 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 Py reaches a

maximum value, two-stage ignition takes place most easily.

Possible explanations for the dependence on the magnitude of A Py

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), ax.

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 Ly and Ly mechanisms above and below

520°K respectively.

At temperatures below ca. 520°K the effect on (dp/at), as.

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-pentane 8, 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 Ly 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

T, =kPo +c LD.

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

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 YT, for several n-decane-

air mixtures display two linear portions which intersect at a value

for Ty 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 important in Lobes A

and B. Similar results have been reported for the cool-flame

combustion of isobutane!**, 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 isobutane! 1* » and it has therefore been proposed

that these parameters are interdependent or both dependent upon a

third variable. Yantovskii has shown that the values of n for



193

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

Tv, = constant exp (E/RT,)

has been shown to hold for the combustion of n-heptane and isooctane

at an initial pressure of 3 atmospheres, where E represents the

overall activation energy of the pre-flame reactions. At these high

pressures, it is likely that the value of v, will be close to the

corresponding value of C at a given temperature. Indeed, the slope

of plots of log v% against YT) has been shown’? 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 calsmoles 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 (46 k cal.mole~2),

114

for the cool-flame combustion of n-butane

1
(49 k cal.mole ~)feAbuLane = (56 k calemrcten.) and n-pentane
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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~!

for the 1:15 n-decane-air mixture, compared with the corresponding

values of 25, 27, 20 and 31k cal.mole 2 reported for n-butane!2°,

isobutane.“* , and mepentaenn 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

to 43k cal.mole 2 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 Tv, at constant temperature; this trend becomes

more pronounced as the temperature is raised and has been shown to

be characteristic of the Ly mechanism”, ‘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 shown! 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. Oberdorfer!”® 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 {sobubane=7* (56 k eelemolens) and

mepentaness: (49k cal.mole~) 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 igt and the ignition

effect pulse, T fe

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 influence

both the reactions leading to subsequent cool flames and the second

stage of ignition. Indeed, for n-decane combustion, the dependence

on AP, of the second stage of ignition has already been demonstrated

(Section 4.1.2). Furthermore, for initial pressures up to ca. 60kPa,

v% for 1:15 n-decane-air mixtures has been shown (figure 3.26) to
g

be related to the maximum pressure rise accompanying the first

cool flame, AP, by an equation of the form

v. = 219.0 AP,-2"4
ig 1

Figure 4.2 shows the variation with pressure of both TY ig

and T, 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 2 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-butanet2? and n-pentane!!*. With n-butane!“*, 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 concentratiorsof 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 clench 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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micteeeeaee 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 Oberdorfer!° 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 543°K, the propagation of cool flames is just possible above a

critical pressure, Poy 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, AT, of 21°K 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

97
these conditions, Frank-Kamenetskii's equation

5; 2
AT, = 1.60RT,*/E (4.4)

may be used, and this gives a value for E of 44.6k cal, mole.

The validity and accuracy of equation 4.4 have been tested and proven

eg.100, 102 4 thus this valueusing systems with established kinetics

for E is probably correct. There is, however, a considerable

difference between this value for E ( 44.6k cal.mole 2) and the

value of ca. 30k cal.mole! 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 @al-mole=)) and the value calculated from equation

4.4 above. It is possible that E changes very little with temperature,

at least below 543°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, Le 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 44.6k eal.moleTM_ is substituted

into equation 4.4, the calculated maximum stable temperature rise

at the vessel centre, AT. (cale.), is 19. 5°K and 18.7°K for

initial temperatures of 523°K and 513°K respectively. The corres-

ponding observed values, A or (obs.) are 20.0°K and 16.0°K.

Thus, as the initial temperature is lowered and Eee increases,

Gibiecties heat transfer becomes increasingly important and the

ratio Ale (cale.)/ A aa (obs.) exceeds unity. These results

are similar to those reported by Ashmore Bernie 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 AT,,. (calc.)/ ATS (obs.) is approximately

unity.

The Rayleigh number, Ra, is defined by Ra = gad® AT pcm ;

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, oo

is the heat capacity of the gas, nis the gas viscosity, \ 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 543°K, 523°K and 513°K, and these are given in Table

4.2 together with the corresponding values of AT... (calc.)/ Aloe (obs.).

In these calculations, AT was taken to be ATs (calc.), A and c for

129
the gas mixtures were computed using Brokaw's rule based on

simple and reciprocal gas mixing and n for the gas mixtures was

calculated using Wilke's estimation method!29, In these calculations,

literature values calculated at the appropriate temperature of n ae

oi and d 189 were used for n-decane, oxygen and nitrogen.

Adopting Ashmore's criterion for Ral00 , 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 AT... (calc.)/ AT. (obs.) and

Table 4.2

corresponding Rayleigh numbers

(kPa) (°x) AT er (obs PE):

5.9 543 1.0 243

9.1 523 0.98 616

12.8 513 Lo15) 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

Salooja®', 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 the 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 (L,) relative to that for pure n-decane, but

causes Lobe B (Ly) to become very weak. This behaviour can be

explained in terms of the expected effects of the nonane isomer on

the Ly and Lo mechanismg cs Thus, the Ly mechanism is probably

caused? by initial hydroperoxidation involving hydrogen donors, XH,

RO, + XH ——~> ROH Seok 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 Ly mechanism is probably responsible for Lobe B, the intra-

molecular isomerisation and decomposition of RO, 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, AP,, becomes more dependent on the initial pressure, ie.

m in equation 4.1

AP, =AP,TM 4.1

increases. Thus, under the same initial conditions of temperature

and pressure, AP, 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 Caplan!3! 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 AP, in n-decane-air mixtures influences the ease with which two-

stage ignition occurs. Indeed, the variation with T) and 2a of the

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

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-
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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 inereac ing 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 (L,) in the two-stage

ignition profile extends over a larger temperature range, and that

the minimum corresponding to Lobe B (Ly) 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

oe and Po of the loci of constant (dp/dt) ax. for several fuel

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 Po, has been found to be proportional to Di (figure 3.34).

A large proportion of the pressure rise denoted by A Py 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
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resistant to oxidation than the fuel itself.

4.2.3 Induction periods preceding the first cool EAE

Equation 4.2

The aes +#C 4.2

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 oflog C with YT, 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,

583°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. 583°K.

For the other fuel-air mixtures, the point of inflection

occurs at a temperature of ca. 540°K, 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.
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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 VT, 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 dacresse 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 486°K,

this being the minimum ignition temperature for pure n-decane at a
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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 1 against 1/T, are complex, in some cases displaying

a slight change of slope. The overall activation energy varies from

ca. 20 to 30k ee ecleis and does not appear to be dependent on

fuel composition.

For pure 2, 2, 5-trimethylhexane, the plot of log ¢ 1 against

1/T, 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 ealvmole ss and 21k 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
2

Under the same initial conditions of temperature and pressure,

VT, increases With increasing coneentration 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 2 with E for fuel-air mixtures shows a

minimum in 7 2 which 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. 22kPa. 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 To. results in a dramatic increase in T 2° 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" theory!3?, This theory involved

a reaction scheme of the type:

A + x—>B + 2x

x + y —+B + 2y

A +y —+>B

where both x and y are bBeccisiag agents, A is the fuel and Bis a

non-reactive product. It has been shown!?3 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, T;, required

to cause spontaneous ignition in the gas mixture decreases as the

vessel temperature, To is increased. This decrease in T; becomes

dramatic as te approaches 488°K, the minimum spontaneous ignition

temperature for n-decane in the empty vessel. However, when Ty =

488°K, 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 Maédonala’*" in

studies of the ignition of aviation kerosene by hot pipes. It is

expected that T; 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:

dq, /at =XS (r, = ca) 4.6
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where X = heat transfer coefficient, cal.sec. ~tom : oe

S = surface area of tube, ne

q = tube temperature, °K

WS (T, + T)/2

Values of X were calculated from the Nussett number, Nu,

where Nu=Xd/h (T, =e) 4.7

and d = diameter of tube,

for each tube at the critical condition for ignition, (T, = T,).

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 cylinder??5, Rayleigh numbers

were calculated as in Section 4.1.5, using d as the characteristic

dimension of the system.

Some values of dq, /at 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, /at with To: From this figure it can be seen

that, as bs approaches 488°K, dq,/at becomes less dependent on tube

diameter. However, as Ty is lowered, there is divergence in the

values of dq,/at for each tube.

~ Some values for the total amount of heat supplied by the hot

tube, Q, during the induction period preceding ignition, T ig? have
g

been calculated and these values are given in Table 4.3 QQ; = product

of Tis and dq, /at). Clearly, the values of Qa; for a given tube are

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



the critical condition for spontaneous ignition

Values of dq,/dt and Q, for each tube at

Table 4.3

q oe oh Vip dq, /at Q
(cm) (°K) (°K) (sec.) | (cals. sec” 4) (cals.)

433 603 33.4 0251 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 61.2 0.62 31.7
1.18

443 579 59.6 0.53 31.6

453 566 70.0 0.43 30.1

373 590 27.0 1.35 36.4

403 578 30.0 1.07 32.1
2.4

423 568 35.6 0.87 31.0

453 542 59.0 room 28.3

216
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tube, do not 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 the gas mixture toa

temperature at which the rate of heat generated by the reaction,

dq,/at, is greater than that lost by convection and conduction from

the volume element, dq,/dt. 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, Macdonala!*+ 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, AR » 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) ax. , 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) ax. 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, (T, S T) (dp/at) ax.

increases exponentially as Ty increases. Figure 4.6 shows a

logarithmic plot of (dp/dt), ax. against Ty 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/at), ay, = 1-85 x tire et

The marked decrease in (dp/at),, with increasing tube
ax.

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
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on T_ than it is on To in the empty spherical vessel. Thus, in the

latter vessel, an increase in To of 30°K causes 7 ig to decrease by

a factor of 10. However, in the hot-tube-in-a-sphere experiments,

a similar decrease in Vig is brought about by an increase in a 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 Tip 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

71.5 k cal.mole 2 and 31.5 k cal.mole respectively. The value

for E of 31.5k eal.mole7 is in very good agreement with that of

ca. 30k calemelens calculated from induction period measurements

in an empty spherical vessel in the temperature range 525 to 560°K

(Section 4.1.8). 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), ax.

The variation of In Vie with YT, for a vessel temperature

of 373°K (figure 4.7) is slightly curved and indicates that E increases

continuously with a in the temperature range 588 to 600°K.
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The variation with temperature of the kinetic parameters

(ie. ¢ ig? (dp/dt) ax.) 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 Frankekamenetellion which

represents the dimensionless rate of heat release by the reaction at

the critical condition, viz:
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= 3.32 for a spherical reaction vessel where w is the

initial isothermal reaction rate

b
=A exp (-E/RT,) [Ru]* [0,] 4.8 (a)

The rearranged form of equation 4.8 is usually

log, a Le ae ) = E/RT,,, + log.const. 4.9

where n is the overall order of reaction = (a + b) in equation 4.8 (a)

and ee? Toe are pairs of values of pressure and temperature on

é n n+2
the explosion boundary. Plots of log, (Pe Ta en ) against YT, x

have been used to calculate ne 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. 42.5k cal.moleTM4 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

[o,] = x [RH] mole.cmTM> 4.10

and [Ru] + [O,] = &+1) [Ru] mole.cmTM 4,11

Thus it follows that

[o,]° = x? fray” 4.12

and therefore that
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fRu]* [o,]° 2 xe iinaie > 4.18

Putting [mM] = [Re] + [0,] mole emTM

and making the appropriate substitution in equation 4.11, it can

be shown that

b atb

Cru]* [o,]? = 7 ce 4.14
(X + 1)

If X, Q, A, E and ) in equations 4.8 and 4.8 (a) are taken to be

constant, and the substitution for [Rru]* [o,1” (equation 4.14)

is made in equation 4.8, it follows that

yal :log, [M] = Ga) (2 log, T,, + E/RT,) + log.C 4.15

3.32R d (x +1)2tP
3 = aconstant.

Qr°AE

where C =

The variation of log. [M] with (2 log, T, + E/RT,) 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 log, [M1] 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 log, [1] less than ca. -14.2,

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 43.5k cal.moleTM? restores the linearity of



Figure 4.8

Variation of log, [] with (2log.T, + E/RT,)

for several n-decane-air mixtures
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the plot for the lowest values of log, Bval corresponding to a

temperature of ca. 550°K.

The departure from linearity of the plots for values of

log, tv] 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 log, {mJ = -13.2is 5750 (AT

in this calculation taken to be 1.60 RT,"/E). 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 proposed” that the conductive theory of thermal

explosions should break down when the Grashof number of the gas

mixture exceeds a value of ca. 10". (For self-heating gases, the

Rayleigh number and Grashof number are interchangeable.)

The departure from linearity of the plot for high values

of log, [uw] (low values of =) 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

seelog, [o,] = =, @log.to + E/RT,) + log,B 4.16

where B= BONES OS2Es = aconstant.
r?Q A[RH]*
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Figure 4.9 shows the variation of log, Co, ] with (2 log,T, + E/RT,)

for all the n-decane-air mixtures with a constant value for [ry] of

5.54x 107! 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~2

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 5

where it was also shown that, under the initial conditions of temper-

ature and pressure representing the slow -combustion/cool-flame

boundary, purely conductive heat transfer in the reacting gases did



Figure 4.9

Variation of log, [0,] with (2log,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

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 experimentally)?” the value of

Sor 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 - T= 1.83 (r ®- x”) - 12.38 (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
4 a4

4,18Quid
A dx

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

=
xdS zl

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:

f— = -2,66x, “== -2.66

Thus,

(2) = 7,98 deg.cm~” 4.19
d cr
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corresponding to a temperature of 564°K at the centre of the reactant.

Since 6 oe 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

Toe 543°K, andto \. The corrected value for (Qw/)) is

L756 shear whereupon
2.
rE

RT
o

6 = 1.75
cr. 2

= 3.35

in excellent agreement with Frank~Kamenetskii's theoretical value

of 3.82. Thus, for a 1:15 n-decane-air mixture at an initial

temperature of 543°K, 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 ce and Ton from figure 3.4, and calculating corresponding

values of 6 on 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

fru] 0.87 [o,] 0.91 @/ [RH] 0.87 fo,1°* 91 (ii)

where [RH] and [0,] are expressed in mole,cm*, subscripts (i)

and (ii) correspond to Por under consideration and ee = §.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
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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 8 or 03.35. This is

expected since it has already been calculated from figure 4.8 that

a change in the value of E of 1.0k cal. mole! would restore linearity

to the plot. Between 523°K and 498°K, 6 ae varies by less than 1%

for E =43.8 k cal.mole!. Thereafter, & jes increases as T)

decreases, possibly because convective heat transfer becomes

important.

Frank Kamenetskii ernpoEed that above a Rayleigh

number, Ra, of ca. 10°, 5 Ae should be a function of Ra, and that

this function should be the same for all gases. Figure 4.10 shows

the variation of 3 ee with Ra for 1:15 n-decane-air mixtures. From

this figure it can be seen that for values of Ra less than 4.0x10°? 6 er

is independent of Ra. However, for values of Ra greater than

4.0x10°, a linear relationship exists which is described by equation

4.20

4
Ore = 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 Po . increases

markedly for only a small decrease in To both Oe and Ra are



Values of E which satisfy equation 4.8, and

n-decane: air = 1:15

corresponding values of Ra.

cr ee E Sor Ra

(kPa) (x) Kk cal.m ole>)

5.9 | 643 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 1355

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 oe 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 § a) this is brought about because on =~ constant x

{RH ] s [o,]” where the indices a and b are approximately unity.

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, Toy were

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

of equation 4.8 was equivalent to 6 6h; When Ra for the gases was

less than 4.0x10°, 6 or W28 taken to be 3.35. However, when Ra

was greater than 4.0x10°, 6 er Was calculated from equation 4.20.

In each evaluation of Toy the term

(4)nN se os 0.
(Bs = 5.9kPa, Tor = §43°K)

in equation 4.8 was corrected using a concentration correction

factor (equation 4. 21)

i. s21xi0"” [RH ]*[o,]” 4.21,

an Arrhenius reaction rate correction factor (equation 4. 22)

1.594x10! 8 exp (E/RT,,) 4.22

where E = 43.8k cal:mole, and a thermal conductivity correction

factor (equation 4, 23)

9.86x107° 7d 4.23
cr

The predicted values for Top for each n-decane-air mixture



237

are given in Table 4.5 together with the experimentally measured

values. Clearly,with the exception of the lowest value for Po 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 temperatures 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



Table 4.5

Some experimentally observed and predicted values of

a a for n-decane-air mixtures in the composition
c

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

Mixture Po aa (°K)
ae ee (kPa) observed predicted

Beth 583 526

15.3 503 500

1:75) 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

25.2 513 510

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

$7.0 496 494

60.0 490 487

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 CH, (CH,),, CH,

Class II (CHg) CH (CH), CH,
2

Class II (CH3)9 CH (CH,), CH (CH3)5

Class IV (CHg), Cc (CH,), CH (CH)

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 Tor and oe 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 4.0x10°, 6 ce 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-

Kameneteliee.

The Rayleigh number of the gas mixture was calculated

as described in Section 4.1.5 where Brokaw's males) was used to
130

estimate C and ) and Wilke's estimation method was used to

calculate yn . In these calculations, literature values at the

Ao Ic ass and Ree were used forappropriate temperature of n D

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

reasonably good agreement with the reported values of 56 k cal.mole”2 i

and 49 k ¢al:mole oe respectively, which were calculated from

induction period data.

For alkanes having a molecular structure in class I, 0,

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

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



Table 4.6

Values of E calculated for alkanes of different

molecular weight and molecular structure
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PD. a E

a ENS eur sbeat <s a; he ees Reference
n-butane - Oo 16.6 | 558 50.8 123

n-pentane - 05 6.6 | 558 48.8 114

Cee n-heptane - air 13773" 1538 46.3 64

n-decane - air 2253, |-513 43.8 this work

isobutane - Oo 20.0 | 595 53.5 113

Class II 2-methylpentane - O, 135941 500 48.6 140

2-methylheptane - air 20.0 | 521 44.9 this work

2,3-dimethylbutane - 04 30.0 | 572 52.9 92

Class DI 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 - 0 22.0 | 578 52.6 this work

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

ey 62.0 528. 4°75. 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

inclassI, Ilor WI. 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 for 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

hexanes oo



Figure 4.11

Variation of E with octane number and

alkane molecular structure
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4.4.5 Development of a computer 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 paquifed 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® kcal.mole”

Class E = 72.72 - 7.25CN + 0. 74CN2 - 0.084CN® kcal. mole

Class Il E = 166.82 - 38.99CN +4.42CN” - 0.181CN® kcal.moleTM+
3Class IV E = 440.68 - 152.4CN + 19.94cN2 - 0.873CN kcal. mole”!,
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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:

ido, = (0.0167 + 1.732) x 107 cal .(em.sec.°K)"* 4.24
2

y= (0.0137 + 2.696) x 107° cal .(em.sec.°K)"? 4.25
N,
2

The thermal conductivities of the alkanes were taken from

the literature!®?, For alkanes containing an even number of carbon

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

-115 -5 0.
A: aikeane = (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: -1Natkane = (0-028T - 2.5 - 0.05CN) x 10 5 cal .(em.sec. °K)

Heat capacity at constant pressure, £5

The heat capacities of oxygen and nitrogen vary with

temperature according to equations 4.28 and 4.29 respectively:

(0) > (29977.5 +4.1868T - 1674.'7x10°/T”)/1.34x10° cal. (deg. gm.)7

4.28

a(at, = 2784.1 +4. 2705r)/1, 17x10 cal .(deg.gm)74 4.29
2:

Values of co for alkanes were obtained from the literature”. For

alkanes having a molecular structure in classes I to IV, c. is calcul-
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ated from equations 4.30 to 4.33 respectively:

[(0.o120% +0.009)T + 1.02en" 8] ag cal .(deg. gm)!
0.096cNn?- 9679-73 ry cal .(deg.gm)~4 4.31

0.4881 rq cal .(deg.gm)~? 4.32

0.52179 “Sry cal .(deg.gm)74 4.33,

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

Viscosity, 1)

In the temperature range 470 to 570°K, 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 poise 4.347
Oo

Bags 3892S a8 ppoise 4.35

where T is measured in °C.

The variation with temperature of the viscosity of alkanes

eM and equation 4.36 was derivedwas obtained from the literature

to account for the variation of n with both CN and T (°c), viz:

Neivane = (0.3 - 0.017CN)T + 116.3 - 17.8CN + 1.67CN? - 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

4.30



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-combustion/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 autoacceleration’*. 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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Figure 4.13

Observed and predicted spontaneous ignition temperature

limits for alkanes of Class I molecular structure

A n-butane-O, (reference 123)

B n-pentane-O» (reference 114)
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Figure 4.14

Observed and predicted spontaneous ignition temperature

limits for alkanes of Class II molecular structure
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Figure 4.15

Observed  and  predicted  spontaneous  ignition  temperaturelimits  for  alkanes  of  Class  III  molecular  structure3Do8
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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

cylindrical vessels and between long parallel plates (symmetrically

heated) has been shown? 98 to be attained when & a 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 5 a in equation 4.8.

Equation 4.20 relating On, to 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 10° 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 pobsty-ccnteaee heat transfer in the

reacting gas cannot be expected to give a satisfactory account of

the variation with vessel temperature, To and tube diameter, dj,

of the minimum tube temperature, T;, required to cause spontaneous

ignition of the gas mixture.

Semenov's cuimnune based purely on conductive heat

transfer
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2
E (T,-T,)

my 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,

T; = inner cylinder temperature, ox.

Te = outer cylinder temperature, iG:

ry = inner cylinder radius, cm.

To = 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 proposed"* that the inner cylinder is

surrounded by a cylindrical laminar gas layer of radius r’ within

which heat is transferred by conduction. The outer boundary of

this layer was assumed to be at a temperature Ty: The left-hand

Side of equation 4.37 was subsequently modified to

ry in = =Yy es
1 G

r

where Gr is the Grashoff number of the gas. Macdonala!?* found

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!?4. 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 & Ke

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 (a, - d,). Physical properties of the gas mixture have been

estimated at a temperature which is the arithmetic mean of T; and

T,:

Equation 4,8 has been modified to give equation 4.38:

2
Er8 = f(Ra)/._ ce a wt 4.38cr (d=d,-d,, AT=T,-T,) aaa tan

ART,
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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, T; 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,

T; was substituted for Ty c

The predicted values of T; 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

em. 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 T; for the 2.4 cem.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

T; with Ty and tube diameter. The choice of ry, as the characteristic

dimension in equation 4.38 and of (a, - d,) as the characteristic

dimension in calculating Ra was purely empirical. The substitution

of T; for Toy 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 T; 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) | (°K) Observed Predicted

373 6201 617

393 615 615

OG e408 607 6il
453 586 607

423 598 598

433 593 598

0. SF a leaas 586 591
453 576 588

423 592 586

433 588 584

BAO 443 579 581
453 566 580

373 588 562

2.40 443 556 552

473 520 542

258
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’ kerosene by hot pipes contained in an 18 in.diam. spherical vessel-°*,

The value of E for aviation kerosene was taken to be 43.8 keal. mole,

the same as for n-decane. The predicted values of T; 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 T;. For the 3.8 cm.diam. and 1.9 cm.diam. pipes there is a

large discrepancy between the observed and predicted values of T;

for the lower vessel temperature. This is understandable since the

insertion of large values for T; (viz. 128°K) 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 6 on calculated from equation 4. 20.

Clearly T; is not an important parameter in determining

the rate of heat release preceding spontaneous ignition, and its use

as a substitute for oe 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 T; with vessel temperature and pipe diameter.

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

Pipe Vessel minimum pipe temperature for ignition (°K)
diam. temp.

(cm) (°K) Observed Predicted

373 923 673

amoral u453 603 612

373 728 641
3.81

413 623 634

373 613 607

7.62

423 589 599

373 580 571

15.24

423 568 568

260
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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 Macdonala!®4,

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 Ly mechanism and the higher temperature

lobe with an Ly mechanism. The overall activation energy for

cool-flame combustion, E, changes at a temperature midway between

lobes Ly and Le 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 Ly 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-trimethylbutane. 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



263

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. can be attained, and a value for E,

calculated from the equation E = 1.6RT,.7/ A Ty y? 18 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 8b, ris 3.35, which is
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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. oxi0°. When Ra is

greater than this convective heat transfer is important and Sor 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 analkane. 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.

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
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initiated 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 thanca. 10 kPa. Any discrepancies between measured and

predicted values of E may be due to the unwarranted assumption made

jn 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 ) ne 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 Oley and Ra.
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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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INPUT DATA

n-Heptane : air =1:10

CN STRUC ATM RATIO R2
1.0 2.0 2.0 5.0
=

FORTRAN STATEMENT IDENTIFICATION

devo o0t
JANADVALSTUBONLAKEKOMEAITINS SO MwA G4 GS OS GP G8 69 70-20 22173 79 73 1G 7 78 79 Ba]WW VIVMIATIAVIALITLTAUATITELTATTLT ELLA TTtATELTitliatiadtiaten tl

ett kkk kkk kkk kkk kkk kkk kkk kkk kkk 022222222 AAA

99339398

AMONG MAGAAAAR EEA GG AGA AAGAA EASE EAGS GA EA EAA GGA G EES PAbehGGaanaaag

SSS SSSSSSSSSSSSSSSSSSSSSESSSS 555555555

BGGCEGBCGCCEEGGEGFHSOEEGEEECOS EEE ESE

WT TEDTDTTTTVTTTTATITVATTTAVTVT AATF TATITTVTTITTTITITTATTTITETTITTITATTIIII
GEORGE CB RTESE BEGELITIS, BESTE ETE SOGESERSs BEBCSEBERSEO STR SOLIR SEDER ALES

99999098

CN STRUC ATM RATIO R2
8.0 Te 0 m 2.9, 3.0 5.0 ,

“

FORTRAN STATEMENT IDENTIFICATION

oOo DooCoOOLD OOvODCOOD TOCOCHOTTO WOTHT OTTO OVODONTODOOOUUHTODDUDUODDODUD
6] © 9 a0 a1 12 134695 15 1 29 1920.0 225 26-25 2629282939 3032 9934 35 6 7 385960 40424948 5 4 4S 49H 5182 9554 5 557 $USD 8D ET C2 £3.66 CH BT eS 70 T1 M2ID M4 151677 TDA

WUVUTE UTADA ATTA T TAT TATED TTT ata

2222222%

99339939

SENGARSAGANSGAGAASGAAAGASOORAESSASESAGAAAIGASGAAA AMONG GAGAANAGGGAMNGR ERE OS

GS OCKG CCE GCCCEESSSCCEGGCECC CECH SSCS GCEH GES EHHGBCHSCHSSEEG BRO GOGOG ES SSOSEREG6 66 6

1777 WVVT TTT TTT TTT T0970 7077777777977. 107

HB 888 ORBOREESL BHRESSELS BEALBRGIS HOGKHHSHS SHBTTHSHGESBHHHHBKBSSBBHSSOCe

neans= SSSSSSSSSSSSSSSSSSSSSSSESSSSDSSSS5H5 SHEGSSSSUSSSSSSGHSSSS SS SIGS 55

Leet eiec le cee c ects seeag suse re eees 191
189 2lars,



270

INPUT DATA (continued)

2, 5-dimethylhexane : air = 1:15

CN STRUC ATM RATIO R2 Sc
8.0 320 2.0 3.0 5.0 |

IDENTIFICATIONFORTRAN STATEMENT

TOOCOOGOD OOTTHHOOH HoOHTHOOH AooHOoHeD CoHoooE
W122 1998 95 5 178 1 20 7-22 73.2025 26 20 28 22-39 N32 3994-35 36: 18396: $6505 2B NNT:

VUTATATDTTT ERT T EDTA T TTT

Ue erm ay angers tent ere

31933919139/.33333953P 333333933033333333') 7333333333 133333333933339339993333% 3393993)

CITT HOOOTIOTD
63.64.6566 67 62.69 70.78 72/79 78.78 76.17 70.19 0

PMdGLdttii lity at uitaa tt ayt

NS eras BAAGEAAAAGEASGAAAA AA GAAA SEAT

bSh555555555 SESSSSSSSSSSSESSSSSSSSNSESSSSS TSGSSSSSSHHSHS SSS SSS SSG HGS SSH 5 HSS6:5 6 6 80h

BG 6G Hf HO SSE EEOS OSS BHRGOHCCKGE CEG HFGEC ESF FEHGHCECCHSSECCEGHHSESHESEGC EES 6RCRGES

DUTTA TT TTT ATT D TTT TTA T TTT TTT T TTD TTT TTT TTT TTT TTT TTT

BRBGROE HGSSEHSGE SRBHGGLER SSLCHHESH SVGHSSHRR LHGLSSSSSCEHHSS HSB OBR HBSES ELSE

gogggags SGT RS TSAI ASIA TOS SLITS SUS eI T8888
27071 gy? 9. z

CN STRUC ATM RATIO R2
9.0 4.0 2.0 3.0 er SeG,

FORE wo = .
comment] 3

STATEMENT

| wustaen

FORTRAN STATEMENT ‘ENTIFICATION

S00 OCOCCHO00N COOTHOOOOs CAHOHOOHO HHTHOTOHD. Oooo COT HODD OOOH DOD OONUOO0DNDG|
2&8 aD M12 1914 15 4 7 ab U5 20-21-2223 2625 25 29 25 25 30 3932-2924 35 9537 38.3940 41 42 £3.68 45 CET 48 45 $0 S182 5354 25 44 5 $5 50.60 G1 EZ C266 E5 U5 OB E9 79 7172479 96 25 10.77 70.19 £0

wad VUVATTTAT ETAT ETAT A TATED

0222212)222222222222222222222 22k kkk kkk 222222222222 227 27222722
3133.3.313)3 3 933333333 333333333 33333333 333333333 3333333333333333333333393333333
WOH G MGA AG SAGES Gd BUGAGEAA GEES ASEAN AG SAGA AGAGGE GAA O AE A44 4644644404405 504
51555 S}5)5 555555555555 555555 5555555555555555555555 SSSSSSSSSSSSHSSSSSSSS ES HS 5S 5S55E
BOOSH 6555 FSC CCECCSESESESECS SSCS SEESSSOSCSSCSSSESEESCOSSSSGSESGESCEBCEEESSOBSSE
12770007 700777000000770 77277 TT TTDI TTT TT TTT TTTTIITTVITT ATT IVTITITIIVITAANT TTT
denvaiia BOSSSRRS8 BESEEHRHS, BSSKCESS BESSESELG BRTEECESBSESHSESHOKHER SIS ESER EY

aaa 999
may

ies NEBAeE ana data et ohedeeucereeeensnene occcaeanes
32 ae

2 es Rig
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MASTER PHDA 271

PTMENSTON T90106)

C N= THE NUMBER OF ALKANES UNDER CONSTDERATTION

Cc CNS THE CARBON NUMBER OF THE ALKANE

€ STRUCSY TYCE (CHS). COH2IN. CHS

c TYPE (CHS) .CH.CCH2N.CHS

c TYPE (CH3)2. CH, (CHAIN, CH, COR3D2

¢ STRUCEG TYPF (CHS)3.C, (CHAIN. OH. CCH3D2
C ATM=1 IF GXTDANT JS OXYGEN, 2 EF OXTOANT TS AIR,

c RATIO = MOLES OXYGEN/ MOLES ALKANE,

¢ RZ = THE RADIUS OF THE SPERICAL REACTION VESSEL (CM,)

¢ 721 TF THERE ARE AN EVEN NUMBER SF CARBON ATOMS IN ALKANE, AND 2

c 1— THERE AN ODD NuMBER OF CARRON ATOMS IN ALKANE

READCT,55)N

a1) FORMAT CIS)
00 99 Jalan

sa

READ (V+ 5SICHeSTRUC,ATMe RATIO“ R2

5 FORMATC5FIO.4)

WRITEC2 201)

2o4 FORMATCANTS TOX -SBHSPONTANEQUS IGNITION TEMPERATURE LIMITS BY

VCD. FOSTER///14X%s505A PROGRAMME BASED ON THERMAL IGNITION TH

2EORY///)

R=1 987

URITEC2¢202)R2

202 FORMATCIHM , 59K, 16HVESSEL RADIUS = -F4,1,4H CM,)

KCNSON ,

WRITEC2,203)*KCN

203 FORMATCTHO, 26k, 235HALKANE CARBON NUMBER = ,13)

IFCSTRUC,£Q,1,0)60TH30

TRCSTRUC,EQ.2.0)G60TUS1

TECSTRUC, EQ, 3,0)G60T032

TECSTRUC. EQ, 4, 0260T03S

30 EE70 1777. BL 3S *CNHO, BOT OHOCNACNOO. GO S65S9HOCNEOCNHON

MAMSEKCN@2

WRITEC2,204) MANS

206 FORMATCVHO, 18% + ZOHALKANE MOLECULAR STRUCTURE = ,

QHOHS. CCH2) 6 T1 14H CHS)

GOTO34

BY ER7Z. 71797, 248# CNH. TEBIHCNHCNMD, OS357HCKHCNRON
MAMS=KCN@h

WRITEC2,205)MAMS

205 FORMATCANOG, IX + 2OHALKANE MOLECULAR STRUCTURE = y

NISHCCH3S) 2, CH, COH2) e117 24H. CHS)

GOTO34

2 ER166. B19 R38 PB7WONE4, GOPHONE CNRD TRIS HONECH EON

MAHSEECN=6

WRITE CS +266) MAMS

296 FORMATCVHO+T BX -29HALKANE MOLECULAR STRUCTURE = ¢

VASHCCH3SD2,CH. CCH2),11-10H, CH. (CHS) 2)

GOTO34

33 FEG40 68152 6SXCNE19 DS9RCNHCNWO, AZ 3 CNECNEON

MAMSSKON&?

WRITEC2] 2207) MAMS

207 FORMATCINO.1&X+29NALKANE MOLECULAR STRUCTURE = ,

VIGHCCHSIS.C. CCH) 1110.04, COHSI2)

34 Feee (10,043)

PFACTE1, 5214010, 0%#12,9)

C DECTOE WHETHER OR WOT CN LS OPD OR EVEN

CNnIsCN/2.0

Cn2sCnhin0,5

LON=CN2

ACNSLON

RCHEACNHCK2

TFCRON,EQ,0.6)G0T035



iid eit atin CAR Se Nata san Sea bt aa sc cite Bessel deb eAcsni aa
2=1,0

GOTO36 272

35 222.0

AG TFECATM. FO,4.0)60T037

RATPFRATIO*S 0

WRITE C2], 2003RAT4

209 FORMATCVHO+32X eI PHALKANE : ATR = 4 5 ,F4,1///)

FACTES.O*#PATIO4T.0

YUSV.O/ FACT

Y2eRATICG#¥Y4

VSe4.04Ye

GOTOSE

a7 FACTERATIO#“N1.0

WRITEC2,-20R) RATIO

208 FORMATCVNO, 29K +22KHALKANE ¢ OXYGEN 5 103 -B3.4///)

Viet O/PACT

V2ERATIO‘YY

5& P=100,0

Tehse. 0

WRITE (2,240)

270 FORMATCVH c27X,74INETIAL-OX,7HINITIALS

T27K BHPRESSURE OX e TTHTEMPERATURES
ZABK SHCKPAY 10K, CHCDEG KISS /)

45 LFCATM. FO, 2.0)G0TOR1

TFC72,E0,2,0)G0T08

TCONTEW0, 2BUSHON+ (0, 0086eT#H6, 756)
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A PROGRAMME BASED ON THERMAL IGNITION THEORY

VESSEL RADIUS 5.0. CM,

ALKANE CARBON NUMBER & t

ALKANE MOLECULAR STRUCTURE CHS, CCH2)5 CHS

ALKANE ¢ AIR = 141 : 10,0

INTTIAL INITIAL

PRESSURE TEMPERATURE

CKPA) (DEG, K)

100.0 506.0

95.0 506,9

90.0 596.0

85.0 5046,0

&u,0 507.0

75,0 507.0

70.06 508.0
65.0 509.0

60,0 509.0

55,0 510.0

50.0 511.0

45.9 513.0

40,0 Sva,-0

35.0 5162.0

30.0 519.0

25.0 523.0

20,0 : 528.0

15.0 535.0

10.0 545.90

e 5.4 563.0



SPONTANEGUS IGNITION TEMPERATURE “LEMITS BY C.D. FOSTER

A PROGRAMME BASED ON THERMAL IGNITIGN THEORY

VESSEL RADIUS 5.0 CM.

ALKANE CARBON NUMBER & 8

ALKANE MOLECULAR STRUCTURE COHSI2.0K. CCH2D4, CHS"

ALKANE SANG SS" 1° 154.0

INTTIAL INITIAL

PRESSURE TEMPERATURE

CKPAD (DEG, K)

100.0 493.0

95.0 493.0

90,9 493.0

85,0 494,0

B0,0 494.0

75.0 494.0

70.0 495.0

65,0 494.0

69.0 496.0

5a. 0 497.0

50,9 498.0

45.0 500,0

46,9 502.0

35.0 504.6
39,0 506,0

25.0 519.0

20.0 515.9

s5..0 ; $22.0
19,9 $32.0

5.0 549.0
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A PROGRAMME BASED ON THERMAL IGNITION THEORY

VESSEL RADIUS = 5,0 CM,

ALKANE CARRON NUMBER & 8

ALKANE MOLECULAR STRUCTURE = (CHS)2,CH. (CH2)2.0H.(CH322

ALKANE 3 AIR = 4974520

INITIAL INITIAL

PRESSURE TEMPERATURE
CKPAY (DEG. K)

100.0 495.0

yo 50 495.9
Golf 496.9

85.0 496.0

80.0 496.0

75.0 497.0

70.0 497.9

65.0 498.0

60,0 499.0

aa, 0 500.9

54.9 504.0

45.0 $02.0

40.0 504.0

35.0 506.0

30.0 509.0

25:0 513.0

29.0 $418.0

15.0 524.0

10.0 5340

Seo 552.0



SPONTANECUS [IGNITION TEMPERATURE

A PROGRAMME BASED ON THERMA

VESSEL RADIUS

ALKANF CARBON NUMBER

ALKANE MOLECULAR STRUCTURE

ALKANE + AIR

INETIAL 1
PRESSURE TEMP
CKPAD CD

100.0

95.0

90,9

85.0

BO,9

75.0

70,0

65.6

60,0

5556

54,0

45,9

40,0

35.00

30.9

25.0

20.0

15.0

10.0

LIMITS RY C.D. FOSTER

L IGNITION THEORY

m5 OSCMy

9

COH3)3.C, (OH202,.CH. (CH3I2w

94 ='2545,.0.

NITTAL

ERATURE

EG.K)

524.0

$24.9

525.0

$2570

$¢5.0

526.0

§27.0

527.0

5238.0

5295.0

531.0

532.0

534.0

536.0
§39.0

543.0

$49.0

556.0

567.0
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