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ABSTRACT .

Absorption spectra of the radicals 02, 03 and CH
have been studied quantitatively in acetylene-oxygen flames
burning at atmospheric pressure. The effective light
path through the flame was increased by using a new design
of multiple reflection systenm. This focuses the light
into the flame, gives better spatial resolution and is less
affected by schlieren-type deflections of the light béam
than in the normal parallel-beam systen.

There is little evidence for thernal disequilibrium
in the luminous mantle of fuel-rich flames, Concentrations
of G, and Gz, about 2x10™ ana 1x10%° molecules'cm_a, are
consigstent with values calculated for equilibrium with solid
carbon, but the concentrations of 02 and CH are much higher
in the reaction zone. Measurements of C, rotational and
vibrational tenperature support a chemiluminescent
mechanism of formation,

It is concluded that 03 is formed from evaeporation
of incipient carbon particles but the possibility of 02
radicals being importent in the formation of carbon 'nuclei’

cannot be ruled out,
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CHLPTER ONE, INTRODUCTION.

1.1. Spectroscopic approach to combustion research.

Spectroscopy is an obvious and powerful tool for
studying the physical and chemical processes involved in
combustion because the emission of radiation is & property
common to all combustion systens,

Most of the radiation is emitted in the infra-red
spectral region and is due to vibrational and rotational
transitions'in the molecules H,0 and CO, which generally
make up the bulk of the burnt gas. Being stable
equilibrium products, they can be studied relatively easily
by conventional sampling techniques. ]

The remainder occurs in the visible and u.v.
region and is enitted most strongly in the reaction zone
where the main combustion reactions are taking place. A
great number of intermediate oxidation products are formed
in this zone which, with the exception of the hydroxyl
radical, do not generally survive in the burnt gas. Having
8 relatively short chemical lifetime, they cannot be studied
, by ordinary chemical sampling. The insertion of probes is
hindered by the high temperatures encountered and may cause
local disturbances so the spectroscopic approach is
particularly valuable, One of the main achievements has

been to identify intermediate transient species whose



presence in combustion Pprocesses had been hitherto
unsuspected, and it has had a great influence on the
development of chain reactién mechanisms and chemical
kinetics in’general.

The study of flame spectra can not only be used
to identify some of the intermediate species present in
combustion, but may also give information about the methods
by which they are formed, removed, and give up their energy.
There is very often insufficient time for the heat released
in the reaction zone to be equipartitioned among the various
internal energy modes of a molecule, and marked departures
from thermal equilibrium can thus occur, The population
among the rotational, vibrational and électronic energy
levels can be determined from measurements on the band
spectra and are usually expressed as effective'temperatures.
If the spectroscopic transition probabilities of the molecule
are known, the absolute concentrations in the ground and
excited states may be determined from absorption and
emisgsion measﬁrements, respectively.

Gaydon (1957) has given an extensive account of
enission spectra of flames. It is only in the last ten
years that notable progress has been made in the detection
of absorption speectra, the reason being that more eléborate
experimental technigues are required than for emission

spectroscopy.
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1.2, ILimitations of emission spectroscopy and advantages
of absorption spectroscopy.

4L study of flamés by emission spectroscopy will
tend to throw undue emphasis on & small number of
electronically excited molecules and some important species
may not be detected because they do not possess suitable
emission spectra., = There may be insufficient energy available
to excite these Speqies because their resonance transitions
lie in the vacuum u,.,v., or their concentrations may be so
low that their spectra are too weak to be observed.

The light emission accompanying the high
temperature combustion of hydrocarbons consists meinly of
the characteristic band spectra of the diatomic radicals
OH, CH and 02 but only OH is brought into the ordinary
combustion equations.

Spectroscopy has so far given only limited
information about the chemical kinetics of combustion.
There is, in general, a lack of knowledge of the
concentrations and reactions of the free radicals observed
spedfroscopically, the reason being that the spectra are
observed almost exclusively in emission. In such cases,
the intensity of a band system is determined by the
tenperature and conditions of chemiluminescent excitation

as much as by the concentration of the radical itself. It
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is, moreover, a summation over different stages of the
reaction, because, owing to the narrowness of the reaction
zone, it is virtually impossible to differentiate between
gpectra at the beginning and end of a reaction. The
development of low pressure burners has enabled the reaction
zone to be studied with much better spatial resolution, but
the need for absolute concentration profiles is still as
great as cver.

If comﬁlete thermodynamic equilibrium existed,
there would be no particular advantage in measuring band
intensities in absorption unless the temperature was so low
as to make the emission intensity too weak to be readily
detected, Molecules which do not radiate appreciably may
be detected by their absorption spectra if a bright background
source is employed} Methyl and ethyl radicals are examples
of species which were detected in flames for the first time
by this method (Gaydon et al., 1960).

The mein advantage of absorption spectroscopy lies
in the ease (in theory at least) with which concentration
measurements can be made. It is inherently more suitable
then emission spectroscopy for determining concentrations,
because it concerns ground-gstate molecules, whose number
exceeds those in all excited electronic states by gseveral

orders of magnitude at temperatures below 5000°K.  The
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ground-state population is insensitive to small temperature
variations, whereas the emission intensity has an
exponential temperature dependence and is strongly

influenced by disequilibrium processes.

1,3. Difficulties in detecting absorption spectra of flames.

The only species to have been extensively studied
by absorption spectroscopy is the hydroxyl radical, which has
a relatively high equilibrium concentration and is found in
both the inner and outer cones of premixed flames.

Generally the radicals of most interest have low concentrations
and are confined to the reaction zone, This is normally

very thin and often curved, Even when a flat flame is

useq, it is difficult to obtain an appreciable pathlength
through the zone, because the usable solid angle is very

smell and the light beam tends to be deflected out of the
region by refractive index gradients.

Some radicals have abnormally high excitation
tenperatures as a result of their formation by
chemiluminescent reactions, In order to detect their
absorption spectra by photographic methods, it is necessary
to use a background source having a brightness temperature
higher than the excitation temperature in the flame.
Bleckrode (1966) has reported electronic temperatures of CH

in low~pressure oxy-acetylene flames in excess of 5000°K.
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of éll the-light sources cormmonly emplojed, only high-
pressure xenon and mercury arc lamps have brightness
temperatures of this order.

in added difficulty is that it is necessary to
use a spectrograph of high resolving power in order to
detect individuwal rotational lines in absorption. Such
instruments tend to be expensive and bulky., The situation
is quite different for emission lines, where opening the
8lit of the spectrogfaph, or using a low-resolution
instrument, can improve the chances of observation of a weak
line, However, in detecting a line in absorption, one is
observing the continuum rediation from the background source,
less the energy absorbed by the line. 4 line in the
rotational fine structﬁ;e of a band spectrunm has a natural

width of the order of 0.1 em 1

» Whereas the spectral slit
width of an instrument is commonly an order of nagnitude
higher than this. |

The iﬁmediate practical effect of looking at the
liﬁe with a spectrograph of modest resolving power is a
reduction in the peak absorption (see f£ig.2) because light
of slightly longer and shorter wavelengths present in the
background source will spread across ﬁhe absorption line and
render its observation more difficult, The impiications

regerding the quentitative interpretation of the neasured

absorption are discussed in section 2.3, -



14,

1.4. Summary of experimental technigues.

In this section, we give a brief review of
experimental methods that have been employed to overcome
some of the difficulties diséussed above, The methods are
conveniently divided iﬁto (a) photographic techniques, and
(b) photoelectric techniques; both can be used in conjunction
with (c¢) multiple reflection mirror systems.

(2) Photographic detection.

In its basic form it is essentially the well-known
line~reversal method of temperature measurement (Gaydon and
Wolfhard, 1960). The main advantages of photographic
detection are that the whole absorption spectrum msy be
recorded simultaneously, and the background source does not
have to be particularly steble: Its disadvantages are the
need for using a large dispersion instrument and a very
bright background source.

(b) FPhotoelectric detection,

A photomultiplier has a linear response and is nuch
more sensitive to small changes in light intensity thén a
photographic emulsion. It may therefore be expected to be
more suitable for quantitative absorption measurements, The
main disadvantages are that the spectrum has to be scanned
relatively slowly, and a very steady background source is

required because fluctuations in light intensity are not
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integrated as is the case with a photographic plate,
However, it is not necessary to use & source with a higher
brightness temperature than the excitation temperature of
the absorbing species in the flame, because it is possible
to discriminate between light from the background source

and the flame, A light chopper is placed between the source
and flame, which chops the source beam at a fixed frequency.
The modulated 1ight'is received by the photomultiplier,i
together with the d.c. flame emission; but only the a.c.
component of the oufput signal is amplified and recorded.

If the fleme enmission is required, the light chopper is
positioned immediately in front of the spectrometer slit and
the background source is switched off. The technique was
first employed by Silverman (1949) to study absorption
apectra of carbon dioxide bands in the infrared region.

The problem of inadequate spectral resolution can
be conveniently overcome by the use of a background source
emitting the same lines as are absorbed by the flame. In.
this case, a spectrometer of lower resolution is adequate,
because it is necessary only to separate neighbouring lines,
without resolving the true line profiles. Kaskan (1958) was
able in this way to study the decay of OH radicals in flat
oxy-hydrogen flames by absorption spectroscopy, using a low
pressure discharge of water vapour as a background source.

The OH lines emitted by the discharge correspond to an
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effective rotational temperature of about SOOOK, and,
thereﬁore, are much narrower than those emitted by the hot
flame, The fractional loss of intensity of the background
light after.passing through the flame is proportional to the
peak absorption coefficient and gives a measure of the
concentration of absorbing molecules,

So far,the discrete line source method has been
restiicted to the OH spectrum, but the principle is commonly
enployed by workers in the field of atomic absorption
spectroscopy (Walsh, 1955).

(e¢) Multiple reflection systems.

| Because the concentrations of transient species
in the flame are always relatively low, their absorption
spectra are subsequently very weak and difficult to detect,
It is difficult to measure absorption of under 1% with a
photomultiplier unless the background source is unusually
stable, and photographic detection is useful only for
absorption greater than aboutls%.

The absorﬁtion can be increased by designing a
burner to give a long optical pathlength, but practical
complications limit the size of the flame that ¢can be
conveniently burnt. A more réwarding approach is to
increase the absorbing pathlength by passing the light bean

through the flame several times before it enters the slit of
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the sbectrograph. This can be achieved with a system of
mirrors which reflect the beam back and forth through the
flame a set number of times, In this way it is possible to
obtain, without difficulty, & ten~fold increase in absorption,
and.to render observable several species which cannot
normally be detected with a single traversal of the beanm
through the flane,

Using a2 mirror system designed by White (1942),
Spokes (1959) was able, for the first time, to detect weak
‘absorption spectra of 02 and CH radicels in the reaction zone
of stationary flames. He recorded the spectra
photographically, using a flash-tube as background source,

The flashtube gives a continuous spectrum throughout the
visible and ultraviolet regions corresponding to & brightness
temperature of 20,000 - A3o,ooo°K. Owing to reflection losses
at each mirror surface, the emergent light intensity after
geveral traversals is much reduced and will be insufficient
to Teverse the spectral lines if conventional light sources
are used,

Recently, Bleekrode and Nieuwpoort (1965)
iﬁcorporated & White multiple reflection system with a
photoelectric method of déteétion, to study C, and CH
absorption in low-pressure oxy-acetylene flames, They were

able to use a high-pressure mercury lamp (brightness
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tenpersture 4,500 - S,BOOOK) as background éource, because
the light was chopped and selectively anplified. The
abgorption ﬁas gsufficiently strong after 20 to 30 passes
through the reaction zone to enable them to maké
quantitative concentration measurements.

We have designed a new type of multiple-~reflection
system which hes pertain important advantages over the White
systemn and is more suited for the work described in this
thesis. A Ffull description and comparison of the two
systems is given in Chapter 3.

1.5. Nature of work undertaken: Detection of carbon radicals
in fuel-rich flames.

The equilibrium concentrations of C, and CH are
extremely low and in general, no enission from carbon-
conteining radicals is observed downstream of the reaction
-zone of near-stoichiometric hydrocarbon flames,

However, as the mixture strength is increased to a
C:0 atom ratio¥*of about unity or greater, there is
insufficient oxygen availablé to oxidise all the intermediate
hydrocarbon fragments formed in the reaction zone, and an
appreciable fraction survives into the burnt gas. Under
these conditions, the radical concentrations are much higher
and small carbon particles are rapidly formed downstream of

the oxidation zone.

* Number of carbon atoms in one fuel molecule y Mole vatio C2tyi Oy
Number of oxygen atoms in one oxygen molecule
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PIGURE 1.

Diasgrem of a fuel-rich acetylene-oxygen
flame showing the luminous mantle above

the inner cone.
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This pchess can be observed spectroscopically by
studying the luminous extension around the inner cone of hot
hydrocarbon-oxygen .flames, which shows the band spectra of |
C, end CH, as well as the 4050 2 comet-Head bands of 03.
Pigure 1 shows the region of this mantle or 'feather', as it
is sometimes known, in a fuel-rich oxy-acetylene flame,

The mentle appears abruptly at a C:0 ratio of about unity
and extends further up the flame as the fuel content is
increased., Correspondingly, the colour changes from a pale
greyish-white to a more intense white and finally into the
characteristic yellow luminosity indicative of a flame
containing solid carbon. Emission studies (Marr,1957) have
indicated that departures from thermal equilibrium may occur,
although they_are small compared +to those occurring in the
reaction zone.

The connection between the carbon radical
concentrations and solid carbon is not clear. There is
considerable interest in the mechanism of carbon formation
in flames and the subject is discussed in sections 1.6 and 1.7.

Because of the extensive nature of the luminous
mentle in oxy-acetylene flames, it is perticularly suited
for spectroséopic observations without recourse to the low
ambient pressures required for detailed studies of the

reaction zone, This thesis describes a versatile apparatus
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to observe the absorption spectra of flames, and has been
used to measure the concentrations of 02, 03, and CH

redicels in the mantle of fuel-rich flames,

1.6, Carbon formation in premixed flames.

Begides being of obvious theoretical interest, the
formation of carbon in flames is of great practical importance.
Although a wealth of experimental data has been collected
~over many years, most of it is of a purely qualitative nature,
with the result that the various theories that have been
proposed are necessarily rather vague and lack detail. Good
discussions are given by Street and Thomas (1955) and in
Chapter 8 of the book by Gaydon and Wolfhard (1946'0). In
the following section, are outlined some experimentel results
of previous workers which, in the author's view, are
considered to be significant.

The nature of solid carbon particles formed from
211 hydrocarbon fuels is remarkably similar, no matter whether
they are produced by pyrolysis, in diffusion flames, or in
premixed flames, When examined by electron-microscopy, soot
consists of & network of cross-linked chains of approximately
sphericael particles, each of ‘the order of some hundred

Angstrom units in diameter, Each particle contains about
| 1O5 to 106 carbon atoms and a surprisingly large number of

bonded hydrogen atoms - up to 50% on an atomic basis, Thus,
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it is not strictly correct to refer to soot as carbon, it is
& hydrocarbon of'sorts with an empirical formula usually
ranging between CoH and 08 . The single particles are made 1
up of a large number, about 103 to 104, of crystallites.
X-ray measurements indicate that these crystallites consist
of 5 to 20 sheets of carbon atoms, of the basic type existing
in graphite, having a length and breadth of 20 to 30 R. The
larger planes arc parallel to each other, but they are
randomly stacked relative to one another and the interlayer
spacing is about 3 to 5% larger than in pure graphite.

The fundamental problem is to explain how simple
fuel molecules containing only a few carbon atoms are
converted so rapidly into these huge aggregates.,
Dehydrogenation and polymerisation must obviously occur,
Theories of carbon formation differ in ?he route and order
in which these two processes take place.

The presence of oxygen in premixed flames is
important not only in opposing the growth of incipient soot
particles, but also in breaking up the original fuel
molequles, and thereby aiding the formation of precursors to
soot. Carbon would not be expected to be formed from
mixtures in which there was more than sufficient oxygen to
convert the carbon to carbon oxides, but, in practice, carbon
formation is frequently observed with mixtures having a C:0

ratio considerably less than one, Street and Thomas (1955)
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determined critieal C:0 ratios at which many fuel-air
nixtures would just form a luminous carbon zone in bungen-
type flames at atmospheric pfessure. Their resu1t§ showed
a veriation in these critical mixtures from G¢/0 = 0.83 for
acetylene to 0.45 for C, and 04 paraffins,

While these results demonstrate the lack of
equilibrium and show the influence of molecular structure of
fuels on their tendency to form soot, they do not provide
direct information on the chemical reactions involved because
the original fuel molecules are generally decomposed in the
reaction zone of the flame, It is the conditions pertaining
in the oxidation zone and downstream of it that they are
reelly relevant.

Considereble progress has been made over the past
ten years in identifying hydrocardbon fragments in the
oxidation zone and following their recombination further
downstream, Isotopic tracer studies have shown that there
must be an initial break-up of the C-C bonds in the fuel
during its passage through the reaction zone. Ferguson's
experiments (1957) with H3C-13GH2-CH3 explosion flames gave
evidence that carbon was not formed directly by polymerisation
of intact 130120 molecules, but resulted in a random

distribution of 130 in the soot, corresponding to its

concentration in the fuel, Furthermore, the radiating C,
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radicals in acetylene-oxygen flames (Perguson, 1955), and
in the pyrolysis of acetylene in shock waves (Fairbairn,1962),
are not formed by stripping off hydrogen.atoms from
individual acetylene molecules.

More direct evidence was obtained by Homann and
Wagner (1963, 1965). Using a mass spectrometer with a
molecular-beam inlet system, they measured concentration
profiles in various low-pressure f£lat flames. They observed
the simultaneous formation of 03 and 04 unsaturated
hydrocarbons at an early stage in the oxidation zone of
flames with 02 fuels, The concentration profiles in these
stationaery flames illustrate that the C~C bond breaking
starts early in the oxidation zone before any cairbon is
formed, |

It is now fairly well established that the mechanism
of carbon formation in premixed flames involves &
nucleation process, followed by a rapid grqwth and a slower
aggregation of particles into larger units. - Djfferences
between nucleation and growth are evident in several
experiments. Tesner (1959) stressed the difference in
temperature requirgd for growth of a carbon deposit and for
nucleation of soot., The latter temperature is always
substantially higher than the former. Gaydon and Fairbairn

- (1955) found that the after-glow of carbon monoxide in &



26.

discharge tube contained 02 and probably atomic carbon, and
that this gas, when mixed with acetylene, was able to produce
golid carbon deposits on the walls. They interpreted this
in terms of C, playing a role in the nucleation of carbon
in flames, and suggested that the reactions were
Cyr + CoHy, —> Cy + %
04 + 02H2 —> Cg + H2 s etec.

Although these reactions are energetically possible, there
is as yet no direct proof that they do actually occur.

Evidence that poly-unsaturated hydrocarbon species
are important was obtained by Bradley and Kistiakowsky (1961).
Powerful arguments have been presented by Homann, Wagner,
and co~workers (1965, 1967) to show that the species are
polyacetylenic compounds. These workers have made an
extensive study of carbon formation in low-pressure premixed
flames and some of their more important results may be
summarised as follows, In the reaction zone of
gtoichiometric and lean flames of the lower aliphatic
hydrocarbons, a small amount of fuel loses hydrogen and forms
unsaturated hydrocarbons having the same or & smaller number
of carbon atoms., The concentrations of these intermediates
rise steadily with increasing input of fuel. - In addition,
there appear hydrocarbons with & greater number of carbon

atoms than the original fuel., At the end of the reaction
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zone, where the oxygen concentration becomes immeasurably
small, the dominant hydrocarbon species present are acetylene
and polyacetylenes (02nH2) up to 012H2. When carbon formation
commences, concentrations of all acetylenic compounds
decrecase, and when carbon formation has virtually ceased, the
concentrations level off, Close behind tpe oxidation zone,
e large number of other hydrocarbons of molecular weight
greater than 200 can be observed. Similar hydrocarbons can
be evaporated from very 'young' soot particles sampled from
the same region of the flame. These hydrocarbons which
apprear in the region of carbon nucleation are considered to
be important intermediates or nuclei for carbon formation.
They are thought to be formed by reactions between
polyacetylenes and other radicals, such as CzH, producing
branched~chain radicals which can repidly add further
polyacetylene radicals and acetylene, without losing their
radical character.

Place and Weinberg (1967) suggested that positive
ions could act as nuclei for carbon formation. During the
past few years; Weinberg and collaborators have studied the
effects of electric fields on carbon formation in diffusion
flames, They have been able to show that carbon particles
become charged (mostly positive) very early in their life and
as & result can be readily mgnipulated by applied electric

fields. Weinberg pointed out that the effects ohserved in
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the presence of deliberately applied fields may also be
important in their absence. Owing to the different
mobilities and rates of diffusion of positive ions and
electrons, there is some charge separation in the flame and
small electric fields are set up. Ion concentrations are
abnormally high in the reaction zone of premixed hydrocarbon
flames and & great variety of hydrocarbon positive ions have
been detected with molecular weights up to & hundred.

Although it appears likely that positive ions can
act as carbon nuclei in diffusion flames, where their
residence time in the pyrolysis zone is relatively long, it
if improbable that they form the predominant nuclei in
premixed flames. Addition of an alkali metal, which easily
forms ions in the flame, has no effect on the formation of
carbon.

The account of carbbn formation given by Homann
and Wagner (1967) gives the best description of the processes
ocecurring in premixed flames having temperatures in‘the range
1000 ~ 2000°K. However, there are many details still to be
filled in before the theory can become even semi-quantitative.

At temperatures sbove 2,500°K, other reactions may
become important and carbon formation could occur by
different mechanisms e.g. those involving the carbon radicals,

Cqs Op and O,
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1.7. ZRole of cz’HQZ and 03 radicals in carbon formation.

It has been suggested that atomic carbon and the
species Gz‘and Gs could be precursors to carbon formation in
hot flames., The close association of 02 production in
premixed flames with solid carbon formation appears to be
more than coincidentalland a number of theories linking the
two have been proposed, Smith (1940) observed that green
premixed flames changed to yellow on increase either of
mixture strength or pressure, and suggested that 02 formed in
the flame polymerises to solid carbon, the critical fuel-
oxygen ratio marking the point at which the rate of
association of C, molecules (responsible for the green
emission) exceeded that of removaligf'oxidation.

Given a sufficiently large concentration and long
lifetime,_there is no doubt that 02 molecules would condense
to carbon. It is unlikely that either of these conditions
holds in the majority of soot-forming flames, but the very
hot region above the reaction zone of a fuel-rich oxy-
acetylene flame may be suitable for such a mechanism to occur.
The condensation of 02 and free carbon atoms has been
discussed by Gaydon and Wolfhard (1960). It is difficult to
estimate quantitatively how much atomic carbon is present
in flames; the 2478 ﬁ carbon line is observed in the reaction

zone of hot flames, but the resonance lines lie in the
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vacuum u,v, and there are no accessible lines of low
excitation energy which would be suitable for spectroscopic
determination of concentration.

Cebannes (1956) suggested that carbon particles
are formed by the sublimation of carbon vapour resulting
from the decomposition of the fuel. He compared the soot~-
forming flame with the luminous flame of nickel carbonyl
which has a similar appearance, and in which it is probable
that nickel is liberated at a temperature below that of its
triple point, so that the so0lid particles of nickel must be
formed by direct passage from the gaseous to the solid phase.
At temperatures above 2000°K, C5 is the principal constituent
of‘carbon vapour and‘it is observable spectroscopically in
hot fuel-rich flames, The hypothesis receives support from
the work of Gay, Agnew et al, (1961) who studied conditions
for the‘formation of solid carbon in oxy—acetyiene flames and
calculated equilibrium compositions as & function of mixture
strength when polyatomic carbon molecules were included in
the flame products.

An alternative mechanism is that atomic carbon and
C, could act as nuclei for carbon formation from acetylene
and polyunsaturated hydrocarbons, This would require lower
carbon radical concentrations than the direct condensation

mechanism,
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On the other hand, it may be that carbon radiceals
are products rather than precursors of carbon particles.
Thus, the 02 and 03 radicals detected above the reaction
zone of fuel-~rich flames, may constitute a vapour of gaseous
carbon which is in equilibrium with the hot soot particles.

-Comparison of actual carbon radical concentrations
with calculated equilirium values might enable some
conclusions to be drawn regarding their role in the formation
of solid carbon in very hot flames, This subject is
discussed in Chapter 6 in the light of the absgsorption studies

undertaken in this thesis.
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CHAPTER TWO. THEORETICAL CONSTIDERATIONS.

In this chapter, some theoretical relationships
are introduced which are required in order to convert
experimental absorption measurements into concentrations of
the absorbing molecules, The ultimate accuracy and
gensitivity of absorption measurements are discussed in terms

of the relevant experimental and theoretical parameters.

2.1, Absorption coefficient kv , peak abgorption ko, and
spectral line width AV .

If a parallel beam of radistion of frequency )}/
and intensity IO(V) is passed through a uniform gas of
thickness I, the transmitted intensity, I(V), is given by

I(Y) = I (V) exp (~ky L) (2.1)

where kv;>0 ig defined as the absorption coefficient of the
gas, and is independent of I and L.

The dependence of ky, on}, i.e. the absorption
line shape, is determined by the nature of the transition
involved and on the physical conditions such as temperature,
pressure, and'electric fields to wﬁich the gas mo}ecules nay
be subjected. ' .

A typical curve of k);versus'v is shown in fig,Z2a.
The maximum value of the absorption coefficient is called

the peak absbrption, ko, and corresponds to a fregquency \Vo'
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(a)

(p)

(c)

FIGURE 2.

Variation of absorption coefficient,
k(Y ), with frequency,)/, of a typical
spectral line,

Variation of peak fractional absorption
[(IO—I)/Io]Peak, with spectral slit~

width divided by true line width,
SAQ‘\?true, of a spectral line showing

60% true absorption.
Relative absorption intensity in a
line for various values of SAﬁ}\}true.

The values of SAéh\Jtrue are marked
near the minima,
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The distance between the two points on the curve where k
has fallen to %ko ig called the half-width of the absorption
line, AV, and is analogous to the width of the line in

emission at one half its peak intensity.

2.2, Absorption—-Cponcentration relationship.

Although it is possible to calculate exactly the
shape and width of a spectral line if only one broadening
paremeter is effective (Penner, 1959), these expressions are
of only limited use in actual combustion systems because,
in general, both Doppler and Lorentz broadening are important,
and the relative magnitude of each must be determined
experiﬁentally.

However, a relationship exists between the
absorption coefficient and concentration of absorbing species,
which is independent of the physical processes responsible
for the shape of the absorption line profile. The integrated
absorption fkvd\/ over a single rotational line in a
diatomic baﬁh system can be written in a manner similar to
that of an atomic line as presented by Mitchell and Zemansky
(1§61)=

ne? .
kydy = " Lrugr Ngu (2.2)
line ‘

where e and m are the charge and mass of the electron

respectively; ¢ is the velocity of light in vacuo and NJ"
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is the concentration of molecules in the lower rotational-
vibrational state specified by the quantum numbers J", v,
undergoing an electronic transition to an upper state
specified by the gquantum numbers J', v!. The line
oscillator strength or f~nuﬁber, fJ"J,, is a constant for
a given transition in a particular molecule. It can be
calculated in a few simple cases, but in general has to bhe
determined experimentally and is expresscd usually as &

band oscillator strength, £ Nyt ﬁhich is related to fJ“J,,

v
by the expression

2J" + 1 £

Soorr fova (2.3)

fvllv !

SJ"J, is called the rotational line strength and defined so

that
E_-.:SJ,,J, = 2J' + 1
J (2.4)
%:SJ"J' = 2J" + 1

Rotational line strengths can be calculated fairly
readily (Herzberg, 1950) and are accurately known for most
common diatomic flame spectra.

The total concentration of molecules in the lower
electronic state may be derived from the concentration in

the J" level, if the rotational and vibrational pertition

functions are known.
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Thus the concentration of molecules in the

vibrational level v" is given by

exp ( - EJlr/k TR") (2,5)

Wi = N, 2Ja + 1
rot
where Q. . = :%:(ZJ + 1) exp (- EJ/k TR")
= Rotational partition function
EJ = Rotational energy of the level d
k = Boltzménn’s constant
TR" = Effective rotational temperature of the lower

electronic state.
Similarly, the total concentration in the lower
electronic state is Neqo given by the relation
N
N

_ el"
vi - Q

vib

exp ( - Evn/k Tvu) (2.6)

-
where Qvib = )\_fseXP ( ~ E.v/k Tvn)

and Ev’ Tv,'refer to the vibrational energy and temperature
respectively,

If there is more than one low-lying electronic
ptate, the electronic partition function must also be
evaluated in order to arrive at the total molecular
concentration, Normally, the 1ower.electronic state is the
ground state, but in the case of the C, molecule, the x3ﬂh

1

state is 610 cm - above the Xlﬁ;g state (see section 5.2).
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2.3+ Measurement of integrated absorption: effect of
spectral slit-width.

Assuming the spectroscopic constants and
oscillator strengths of the relevant transitions are kmown,
the determination of molecular concentrations is reduced to
the experimental measurement of the integrated absorption of
any line in the band system. As pointed out in section 1.3,
in order to resolve the shape of a single rotational line
using a continuous background source, a spectrograph of vefy
high resolution is required. In practice the resolving
power of any spectrograph is limited by the mechanical slit-
width and properties of the dispersing element employed in
the instrument.

If an infinitely narrow spectral line is viewed
through a spectrograph, it appears to have a half-width of

S em™!

s where S is lmown as the spectral slit-width or band-
width of the instrument and is a function of the mechanical
slit-width,

If S is comparable to, or greater than, the true
line—wi&ﬂa,ZS\%rue, of an actual spectral line, the measured
line profile will be distorted and render the line less easily
vigible. Fig. 2b and 2c¢ show the effect on the measured |

peak fractional absorption for various velues of SAathrue.

It is possible to make corrections to the measured
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values of the integrated and peak absorption coefficients if
the actual shape of the line is known and the slit function
of the spectrograph can be determined (Kostkowski and Bass,
1956). Tor the integrated absorption the corrections are
small if the absorption is weak, because to a first
~approximation, the area under the curve remains constant.

We may then derive an expression relating the true integrated
absorption with the measured peak absorption and spectral
band—widthyof the instrument.

2.4, Relationship between integrated absorption and measured
peak absorption, using a continuous background source.

The measured integrated intensity, Io, of the

background source when there is no absorption is givén by

Io = jsJo av = JOS

where Jo is the intensity per unit frequency interval emitted
by the source,

and S +the spectral band-width of the spectrograph or
monochromator.

When the frequency coincides with an absorption

line in the flame, the observed intensity is
I = j; J, exp (bk},L) av

where Xy is the absorption coefficient of_the line, and

L the pathlength through the flame.
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If kylL is less than 0.2 at any position ik the

absorbed line, we can write

I = dfs J, (1 ~ kyL) aVv

I - fs I, ky L ay

]

where JO has been assumed constant over the absorption line,
i.e. the spectral band-width is much greater than the true

The error ig smaller than 3% if S/ZS\Jtrue:> 4.

I = I, =31 j kyav

and (I, - 1)/3, = & ‘fs kyy 4V

Thus, the peek absorption measured in the fleme is

-

I - ] j‘

0 L

ot = X ky, 4V (2.7)
[ 0 ~peak 5 line 4 '

Concentrations may be derived from measurements of
the peak fractional absorption, using equetions (2.2) and
(2.7), if the spectral slit-width of the monochromator is
known, This can be readily determined by measuring the
apparent half-width of a very narrow gmission line such as
that emitted by & hollow-cathode lamp, |

Thus, it is possible to use a moderate-resolution

instrument to make gquantitative absorption measurements, the



41,
only criterion being that the dispersion must be sufficiently
large to separate neighbouring lines. The method has an
advantage over the use of a discrete line source, section 1.4,
in that a single continuous background source cen be used *o

detect absorption spectra of & large number of species.

2.5, Detection limits in theory and practice.

The minimum amount of absorption that éan be
detected is determined by the accuracy Wit@ which small
changes in light intensity can be measured, Photoelectric
methods are generally the most accurate, but an upper limit
to the sensitivity is éet by the randon fluctua?ions
occurring in the photomultiplier output current. These will
ultimately determine the smallest concentration of species
that can be detected and it is, therefore, useful to derive
this quantity for a typical experimental arrangement. The
following simple calculation gives a rough estimate o? the
optimum sensitivity obtainable under ideal conditions.

Consider radiation from a continuous background
gsource of brightness temperature T, passing through the flame
and into a monochromator with & photomultiplier detector at
the exit slit, _
| The radiant energy falling on the P.,M, per sec, is

equal to

Iy (AgeT) hwdd s AN (2.8)



42,

where Ig(A,,T) = energy emitted by a black-body of
temperature T}, per cm2 per sec. per steradian in a unit¥t
wavelength interval centred around )\O; h is the height of
the monochromator entrance and exit slits (assumed equal);
w is the width of the slits;d]:is the angular aperture of beam
falling on the P.M. (this is equal to A/F°, where A is the
effective area of the diffraction grating and F is the foecal
length of the collimating mirror); t is the total
transmission factor of the optical set-up; and 2\ Ais the
effective width of the transmitted spectral interval.

I5( A
be written as

I5(Ags?) = 2ne® A7 exp(-he/ AET)  (2.9)

o’ T) is given by Planck's formula, and may

where h is Planck's constant; c¢ is the velocity of light;
and k is Boltzmann's constant.

The average number of photo-electrons emitted at
the photocathode per sec, 1s proportional to the anode

current and is given by

n = IB()\O,‘I!) hw Sl t AN r\/(hc/,x ) (2;10)4.

where Y\ is the quantum efficiency of the photocathode

surface and he/ A is the energy of a photon of wavelength A
Statistical fluctuations will be superimposed on

this mean value owing to the random character qf the arrival

of photons and the emission of photo-electrons. Assuming
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a normal distribution for these events, the standard
deviation from the average value is denoted by A n and given
by .
An = 751/2 (2.11)
n
It is this qu%éity which fundamentally determines
the detection limit in absorption measurements. An
absorption signal that corresponds to a reduction of An
in the emitted photo~electrons will be on the threshold of
detection if
1,04 (41/1,),, = = -1/2
= (15 o, Dawlt AV (ne/X )]7Y2

If the background source is & high-pressure arc lamp,

1 1

IB()\O’T) ~ 3 x 1025 photons em~Jgec 1, sterad’

0 o)
T 52000 K and A o = 5,000 A.
Also h = 0.2 cn., W = 10-3»cm(10rk),dll= A/F2 = 10-2 sterad.,
DA

to0 the Jarrell-Ash monochromator employed in Chapter 4,

1l

for

S =2 x 1072 cm. (0.2 X), being the values applicable

Finally, Y\}: 0.1 and t = 0.1 for a typical system.
Substituting these constants into the above
equation, we obtain

(AT/T ), = 3 x 107,

min
If the transmitted intensity is weak, thermal noise

from the flame and Johnson noise generated in the anode
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resistor will also become important. Overall, a value of
(AI/1,),, of about 107% (i.e. 0.01% absorption) is likely
to represent the ultimate sensitivity that can be obtained.
For a tungsten-strip lamp having a brightness temperature
of 2500°K, (AI/I) ..~ 5 x 107%, end the minimum
absorption that can be measured is consequently about 0.1%.

In practice, it is difficult to measure absorption
under about 1% because fluctuations caused by instabilities
in the background source are generally much larger than the
statistical fluctuations calculated here. The photo-electric
épparatus described in Ch.4 employed a high pressure Xenon
arc which produced a noise level of about 1% even under
optimum measuring conditions.

Using egs. (2.2) and (2.7), we can convert the
minimum peak fractional absorption into the number of

absorbing molecules per cm3

and thereby arrive at the smallest
concentration which can be measured by absorption
spectroscopy.

The concentration of absorbing molecules in the

rotational level J" of an electronic band system is given by

g - mes 8 \:10‘11 ogm +1 1 (2.12)
Ju - 2] PY
Te L Io Deak SJ"J, fv"v'
2
where 225 ~ 1z 1012 cm.
ne

Putting § = 1 em™ 1 (corresponding to & resolving
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' 2
power of 0,25 X at 5000 X); 20"+1/S 4 \Eyng i~ 5 x 10,
for a typical line in tue (0,0) band of a diatomic molecule;
L = 100 cm., for a low vressure flame, using a multiple
= 1074, we obtain

(NJu)mincz 5 x 10° molecules cm -,

reflection system; znd 2ssuming (ASI/IO)min

The total concentration of molecules in all
possible energy states will be about 102 higher than the

concentration in a single rotational level; thus

10 -3
NTOTAL ~ 5 x 10 cm 7.,

. -2
In practice, (ASI/IO)minc: 10

greater then 5 x 10°° cm™” should be detectable using

, and concentrations

maltiple-reflection technigues if the molecule has &
suitable absorption spectrum. This figure may be compared
with the lower limit of detection of present-day mass-
spectrometric and electron spin resonance techniques applied
%o flames, ca. 5 x 107 ions em™ and 5 x 102 radicals cme,
respectively.

The absolute accuracy of concentration measurements
by absorption spectroscopy will depend on the accuracy with
which the £ values of the relevant transitions are known,
BErrors of 50% are not uncommon. The total error will be
slightly higher still owing to uncertainties in the values
of the spectral slit-width and the effective optical
pathlength through the flame,
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CHAPTER THREE.

QUALTITATIVE ABSORPTION MEASUREMENTS USING FLASHTUBE

AND PHOTOGRAPHIC DETKCTION.

3.1, Introduction.

For a preliminary survey, absorption spectra were
recorded photographically, using a multiple reflection
system to increase the pathlength and a flashtube as
background source. By such means, Spokes (1959) was able
to detect weak absorption in the (0,0) bandhecad of the Cs
Swan bands and the piled-up Q branch of the 3143 K band
system of CH. He studied low pressure oxy-acetylene flames
and employed a multiple reflection system designed by White
(1942), This consisted essentially of three sphefical
conceve nmirrors, the centres of curvature of mirrors B and C
lying on the surface of mirror A, A diagram showing the
method of image formation is given in Fig. 3b. Mirror A
may be split into two in order to allow the initial light -
bean ?o enter centrally between the two halves. (Welsh et al.,
1951).

Although very compact and moderately easy to
adjust, the light traversing the flame is approximately
parallel and the consequent poor spatial resolution limits
the usefulness for combustion investigations. Only thick

reaction zones, such as those of low-pressure flames or near-
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limit flat flames can be studied, and sven here the detailed
flame structure cannot be resolved. The reason is that the
light beam is focused on the mirror surface and & fairly
wide beam actually passes through the flame, This neaxrly
parallel beam is also very subject to schlieren-type
deflections due to temperature gradients in the flame and
"these cause deterioration of the image formatiqn, limiting
the number of traversals which can be obtained.

In this work a multiple reflection system has been
employed which focuses the light into the flame and
consequently has much better spatial resclution and is less
affected by refractive-~index gradients than the White system.
These properties mede it ideally suited for studying the

luminous mantle of hot oxy—acetylene flawmes at latn,

3.2, Experimental.

(2) The multiple reflection system.

Figure 3a shows the mirror system. It consists
essentially of two spherical concave wmirrors of equal foecal
length, separated by a distance equal to twice their radius
of curvature, The centres of curvature of each mirror
coincide at the point 0O, A narrow beam of light is brought
to a focus at a point P which is laterally displaced from O
by & small distance dependent on the number of traversals

required. The beam is refocused after reflection from
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(a)

(v)

FIGURTE 3.

Pocussing multiple reflection system

set up to give 7 traversals,

White multinle reflecticn system

set up to give 16 traversals.



(a) Focussing System

(b) White System
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mirror B ai & point Q on the other side of the centre of
curvature an equal distance away. Further inages are
formed at P and Q by successive reflections from mirrors A
and B, respectively; this results in the light beam»mbving
round the arc of the ecircle defined by the mirrors. For
a given angular aperture of the beam, the number of
reflections possible is determined by the distance OP and
the diameter of the mirrors. The minimum length of OP,
corresponding to the maximum number of reflections,; is set
by the angular aperture of the bean.

Obviously, it is possible to increase the number
of reflections by increasing the size, or number, of mirrofs,
but it should bé noted that the image formation deteriorates
with increasing number of traversals, Since we are working
slightly off the axis of the mirrors and rays strike them
obliquely, the system is subject to all the aberrations
associgted with spherical mirrors. Thus, after several
reflections, the images will become blurred and enlarged,
and the points P and Q increasingly less clearly defined,

We therefore have to make a compromise between the number of
traversals and the spatial resolution required when egtudying
g2 particular flame. |

Initially four mirrors were used, each of 6 cm,

diameter and 10 cm. redius of curvature. It was found that
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up to twelve reflections were possible without adversely
affecting the spatial resolution. In the later work (see
£ig.10), the nirrors were replaced by two larger ones, and
up to fifteen traversals could be employed by further
reducing the angular aperture of the light veam.

It should be noted that the images formed at P and
Q are inverted to one another., This prevents simultaneous
study of an extended zone of the flame, but does not
interfere with the step-by-step investigation of the
absorption spectrum when the background lamp is effectively

a point source.

(b) The burner.

| To take full advantage of the increased absorbing
path-length offered by the system, two flames must be used,
or alternatively a single burner can be employed having a
diameter greafer than the distance PQ, e.g, a f£flat flame
burner. It is impossible to run a large, flat oxy—acetylene
flame other than at reduced pressure, because of the
tremendous heat release and high burning velocity of the
mixture. Several types of burner were tried. The water-
cooled meker burner of the type extensively used by Sugden
and collaborators, (see Padley and Sugden, 1958) was found
unsuitable because the central area of the burner top

quickly melted. Dilution of the acetylene~oxygen mixture
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with an inert gas reduced the temperature sufficiently to
prevent this occurring but the resulting lower gas
temperature made it difficult to detect any carbon radical
absorption in the flame.
The most effective burner consisted of a pair of

simple élot—type burners, pleced at the image points P and Q.
They were built onto a modified welding torch to prevent
danger from flash-back, The burners were constructed from
copper tubing of &bout 2 mm., i.d., the end of which had been
squeezed into a rectangular shape of dimensions 3 x % min,

| Commercial-grade acetylene and oxygen were used
without further purification (B.0.C.). Plow rates were
measured with calibrated flow-meters made by.the Rotameter

Manufacturing Company.

(¢) PFlashtube and associated triggering device.

The ILyman flashtube, developed at Imperial College
(Garton, 1953; Whéaton, 1964), and used in this work, gives
a gooq continuous spectrum throughout the entire visible
and u.v. regions, corresponding to & brightness temperature
of 20,000 - 30,000°K. 4 single flash lasts only a few
microseconds and, in general, several flashes are required
to obtain a reasonable exposure when the flashtube is used
in conjunction with a multiple reflection system and large

dispersion spectrograph.
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To obtain +the absorption spectrum of a continuously
emitting flame or gas, it is necessary to uncover the slit
of the spectrograph only for the very short time interval
during which the flash is operated. Garton and Rajaratnan
(1957) have described a sector disc device which acts as a
suitable shutter and can be synchronised to operate the
flashtube, It consists of a pair of rotating discs of
equal diameter, mounted on the same axis but geared to rotate
at different speeds.' The discs have radial slots near the
periphery which come into line with each other and with the
slit of the spectrograph once in every revolution of the
slow disc, At about 120° to the slot in each diec is a
second aperture. The flashtube is triggered by a spark
from a thyratron circuit initiated by a light beam which
passes through the auxiliary slits and falls onto & photo-
cell, About 20 flashes a minute were possible without
overloading the flashtube charging unit,

Spokes has given full details of the design of the
flashtube and associated triggering equipment in his Ph,.D,
thesis (London University, 1959). Much of his original
apparatus was stillserviceable and could be adapted for use
in the present work, Consequently & full description of

this part of the apé?atus is omitted.

(d) Spectrograph and optics.
Figure 4 shows the optical set-up. The
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FIGURE 4,

Schematic diagram of photographic set-up

showing the light path.
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spectrograph is a 2 m. grating instrument designed by

Dr, R.C.M,Learner. It employs a greting having 25,00Q
lines/inch and gives a reciprocal dispersion of 5 X/ﬁm. in
the 1st order, A wavelength interval of 2500 K can te
photographed with a single exposure, Using a 10F~entrance
élit, it was possible to resolve much of the fine-structure
in the 02 and CH band spectra. The resolving power was
not measured but was estimated to be at least 0.2 E at

5000 A,

Achromatic lenses were used to focus the 1ight beam
into the flame and onto the slit of the spectrograph. They
are necessary to ensure that the spectrum is sharply
focused over the entire wavelength region covered by the
photographic plate.

Alignment of the optics requires considerable
care and it is importagt to ensure that the best use is made
of the available light. The grating of the spectrograph
should always be completely filled with light in order fo
utilise the maximum resolving power of the instrument. It
is difficult to move a large, heavy spectrograph in a
controlled manner and make accurate adjustments to the
multiple reflection system using a flashtube light source.

A common practice in such cases is to make the necessary
adjustments by sending the light through the optical system

in the reverse direction, using an alternative bright source.
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The plate-hliolder was removed and & Pointolite lamp

positioned in the focal plane of the spectrograph so that
green light emerged from the entrance slit. By fully
opening the slit, the intensity was sufficiently high to
retrace the light beam back through the multiple~ref1ection
system and through the capillary of the flashtube. In this
way, it was possible to align the various optical components
with relative ease; o final small adjustment, to bring the
image exactly onto the spectrograph slit, could be made while

the flashtube was running.

(e) Photographic plates.

Imisgion and absorption spectra were recorded on
H.P.S., Zenith, and X.,K. plates manufactured by Ilford ILtd.
H.,P.,S. is a fairly fast panchromatic plate and was used to
record the 02 Swan spectrunm, The other plates are
unsensitised and were used to cover the spectral range from
about 2300 ﬁ to 4500 X. The X.K. plate has been specially
designed for flashtube work. It is extremely fast when
bright, short-duration exposures are made, but the effective
speed of the emulsion is reduced if longer exposures are
necessary, i.é. for recording flame emission spectra.

About 20 flashes were sufficient to obtain
reasonable exposures of absorption spectra using X,K, plates.

Zenith end H,P.S5. plates required 100-300 flashes, depending
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on the wavelength region cxamined. Plates were developed
in PQ Universal (dilution 1:4) for 4 minutes or Johnson's

Contrast developer for 2 minutes,
3.3. Results.

The absorption spectra of stoichiometric and fuel-
rich oxy-acetylene flames were studied in the wavelength
range between 2300 ~ 6500 K. Propane and ethylene flames
were also briefly investigated, as well as flames of
acetylene with nitrous oxide and air, The results are
summarised below; they refer to acetylene-oxygen mixtures
unless otherwise stoted,

With five traversals through the tip of the reaction
zone of stoichiometric floames, strong OH absorption wos
observed in the (0,0) bend around 3100 &. The absorption
decreased with increasing mixture strength and was very wenk
in the mantle~forming flames of rich mixtures.

Weak C, obsorption was detected in the (0,0)
bondhead at 5165 ﬁ with nine ftraversals through the reacction
zone of rich flames, With thirteen traversals, the
absorption spectrum was strbng enough to shdw up all the
more prominent bondheads and much of the rotational fine
structure. Tigure 5 shows lines in the (0,0) band up to
avout R(50). A microphotometer trace of the photographic

plate is presented in Fig, 6(a). Emission spectra heve been
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FIGURE 5.

02 absorption in a fuel-rich oxy-ccetylene flame.
Absorption spectrum of the (0,0) Swan band
between 5165 - 5000 ﬁ_ Emission spectra have
been juxtaposed for comparison.

Experimental details: 13 traverses through the
tip of ?he reaction zone, Mixture strength

¢/0~1,2. H,P.S, plate, 300 flashes,
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FIGURE 6.

Microphotometer traces of (a) C, (5165 ﬁ)

and (b) CH (4315 K) absorption spectra,
Emissipn spectra hove been included for
comparison,

N.B., The 02 emission spectrum is overexposed.
13 traversals,through the tip of the reaction

zone of a fuel-rich oxy-acetylene flame.
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included for comperison, The absorption intensity was
strongegt in the reaction zone with mixture strengths of
¢/0 ~ 1,2, It extended several millimetres above the
reaction zone into the luminous mantle although with reduced
intensity.

e have succeeded in detecting all three band
systems of CH in absorption with thirteen travérsals through
the reaction zone. The piled-up Q branch of the 3143 X
band was recorded with leagt difficulty but weak absorption
was also observed, for the first time in the 3900 ﬁ and
4315 K band systems. A microphotometer trace of the 4315 X
213—2TT$ransition is shown in Fig.6(b). The absorption is
only just greater than the average background noise level, and
it was not possible to obtain a clear positive from the
photographic plate. Max%mum absorption occurred at mixture
strengths between C/0 = 1,0 and 1,2; no CH absorption could be
detected in the mantle above the reaction zone,

Both 02 and CH emission spectra were much stronger in
the reaction gone than in the mantle region, A diffuse band
system at about 4050 K, ascribed to the 03 radical, was
observed in richer mixtures exhibiting the mantle and
appeargd to be equally strong in the inner cone and luminous
mantle, It was possible to detect feeble 03 absorption just
above the tip of the reaction zone for mixture strengths_
between threec and four times the stoichiometric value, i.e.

C:0 = 2:5,
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PIGURE 7.

C

o
The line at 4051.,5 + 1 A is prominent in

Comet—Head Band,

emission and absorption.
N.B. The wavelength scales for the

emgsion and absorption traces are different.
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Pig. 7 showa a weak but reproducible peak at 4051 X
superimposed on the general background noise,

The carbon line at 2478 X was emitted by the inner
cone of slightly rich oxy-acetylene flames but there was no
sign of it appearing in absorption, even with thirteen
traversgls through the reaction zone, The only other
absorption spectrum detected was that of the CN radical,
which is formed in the luminous mentle owing to entrainment
of surrounding air, It was always fairly weak and its
intensity varied with height above the reaction zone. The
strongest absorption occurred in rich mixtures, being a
maximum 2-3 cm, above the reaction zone,

If the oxygen of the unburnt mixture was replaced
by nitrous oxide, the CN absorption spectrum became very
intense throughout the flame and, in addition, absorption
due to the NH radical was detected in the reaction zone.

Cy absorption was still observed, but it was estimated to be
about an order of magnitude lower than in oxygen—acetylene
flanmes, No CH or G3 radicals could be detected in
absorption although their emission spectra were observed,
There was no indication of 02, 03, or CH sbsorption in flames
of ethylene and propane with oxygen, or in acetylene-air
flames, The emission intensity of the radicels in these

flames was lower than in oxy-acetylene flames.
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3.4, Discussion.

At the commencement of this work, there was only
one previous report of 02 and CH absorption in steady flames
(Gaydon; Spokes, and van Suchtelen, 1960). The absorption
was always very weck, even though an effective pathlength
of over 120 cm., was enployed.

Recently, Bleekrode and Nieuwpoort (1965)
succeeded in detecting all three band systems of CH as well
as strong 02 sbsorption in low-pressure oxy-acetylene flames
gimiler to those studied by Gaydon et al. They worked with
absorbing pathlengths of up to 220 cm. and recorded the
spectra photoelectrically using & high-pressure mercury lanp
as background source.,

There do nof appear to be any previous reports of
03 absorption in flames, but it has been observed in
absorption (together with C, and CH) in the explosive
oxidation of acetylene-oxygen mixtures by the flash
photolysis of nitrogen peroxide (Norrish, Porter and Thrush,
1953). The carbon radicals were observed for C:0 ratios of
unity or greater, It was suggested that 02 and CH radicals
were formed as the result of pyrolysis reactions, and had
appreciable equilibrium concentrations only if there were
insufficient hydroxyl radicals to oxidise them. The 03

molecules were thought to be formed from solid carbon
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particles and were considered to be in equilibrium With them
but no absolute concentration measurements were made.

It is not surprising that the 2478 X carbon line
is not observed in absorption, It is due to the transition

381P - 2p2 1S, and requires an excitation energy of 7.7 eV,

1

because the lower ~S state is 2,7 eV above the (BPO) ground

state, In equilibrium, only about 1072 of the total carbon

atom concentration is in the 2p2 1

S state at any particular
time, Resoqance transitions from the ground state lie in
the vacuum u,.v. and would not be expected to occur in
ordinary flame sources.,

The results obtained indicate that the focusing
multiple-reflection system provides a powerful ma2thod for
detection of radicals in flomes at atmospheric pressure.
Acetylene-oxygen mixtures give the highest carbon radical
concentrations and are therefore most suitable for

quantitative absorption measurements of C,, 03 and CH

radicals.
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CHAPTER 4.

QUANTITATIVE ABSORPTION MEASUREMENTS USING

PHOTOELECTRIC DETECTION.

4.1 Introduction.

The photographic results given in Chapter 3 showed
that appreciable concenﬁrations of 02, 03, and CH radicals
exist above the tip of the reaction zone of fuel-rich oxy-
acetylene flames. In order to facilitate quantitative
measurements, particularly of continuous absorption, it wase
decided to record the absorption spectra photo—electricallyv
uging modulation techniques to eliminate the flame emission
signal. The main advantage of this method is that a less
bright background source may be used, because it need not
have a higher brightness temperature than the electronic
excitation temperature of the radicals in the flame, A
brief discussion of the photoelectric and pbotographic
methods of recording was given in Section 1.4.

In this chapter, we describe the photoelectriec
set-up, and present typical emission and absorption spectra
from which 02, 03, and CH concentrations in oxy-acetylene

flames have been deriwved,
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4.2. Apparatus.

‘ Figure 8 is a schemetic diagram of the experimental
set-up. The flash-tube and sector-disc device have been
replaced by a high-pressure Xenon arc lamp and mechanical
light chopper which modulates the beam at a fixed frequency.
A scanning spectrometer and photomultiplier detector was
used in place of the spectrograph and photographic plate.

The output signal of the P.M, was selectively amplified and
fed into & pen recorder which traced out the absorption

spectrum as the wavelength region was slowly scanned,
&) The light chopper.

This consisted of an 8" rotating aluminium disc
driven by a small electric motor. The disc was divided
into 36 equal segments and alternate ones Werevcut away to
maeke 1" long radial slots around the periphery. The unit
Was_positioned in front of the background lamp as shown in
fig.G. A "Wariac! transformer was used to control the speed
of rotaetion end it was usually set to give a2 chopping
frequency of about 210 c¢/s. The frequency used could be
readily determined by feeding the square-wave output signal
from the photomultiplier into an oscilloscope. A second
light beam from a small torch bulb was passed through the
chopping wheel opto o photodiode in order to produce &

reference signal,
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FIGURE 8,

Schematic Diagram of Photo-electric Detection

System,
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b) Electronic detection,

The total P.M. output signal will contain & d.c.
component ahd a wide range of frequencies in addition fo
the chopping frequency of interest. The steady flame
emission produces & d,c., signal and there is also a small
contribution from the photomultiplier dark current.

Inherent to any photoelectric cell is a small, random &.c.
gignal, which is made up_of so~celled flicker noise, shot
noise, and Johnson noise. Also, any irregular variations
in the emission intensity of the flame due to slight changes
in the gas flow rate, etc., will give rise to & complicated
a.c. waveformn.

The d.c. conponent of the signal can be effectively
eliminated by the addition of a blocking capacitor in the
output circuit. It is impossible to completely eliminate
the random noise, and it will ultimately limit the
sensitivity of the absorption measurements (see section 2.5).

There are two common methods of amplifying a given
a.ce signal in the presence of appreciable background noise.
The first employs a narrow-band amplifier, tuned to the
frequency of interest. All frequencies will be rejected
except those lying within the band-width of the amplifier.
By making this band-width very narrow, only a small freaction

of the total noise will be amplified and recorded. The
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secoﬁd method makes use of the principle of phase-sensitive
dete@tion to increase the signal-to-noise ratio. A phase-
sensitive detector (P.S.D.) is & device which compares &
referepcg signal and a test signal and gives a d.c., output.
This d.c.output is proportional to the amplitude of that
component of the test signal which is of the same'frequency
and phase as the reference signal, The noise on the test
signal does not produce an output from the P.S.D. unless it
has & component which lies within a frequency band_centred
on the reference frequency and is in phase with it. The
width of this band is determined by the timg-constant of the
pen recorder which is used to measure the d.c. output; this
is typically one second, which gives a band-width of 1/3 ¢/s.
An untuned amplifier is used to amplify the signal from the
photomultiplier before it is fed into the test signal input
of the P,5.D.

It was decided to use the phage-sensitive
detection system for a number of reasons; (i) it is difficult
to achieve a band-width of only 1/3 c¢/s with a narrow-band
amplifiers (ii) it is difficult to synchronise the chopping
frequency with the tuned frequency of the amplifier; slight
variations in either will cause the two frequencies to drift
out of phase, The reference signal of a P,5.D. is obtained

by placing a photodiode next to the chopping wheel, with a
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snall 1qmp to execite it. The photodiode is moyved round the
circumference of the chopping wheel until the P.S.D, output
is & meaximum, the test signel and reference signal being
exactly in-phase. Once set, the frequency and phase of each
signal will remain equal even though there méy be slight
variations in the chopping speed. (iii) A narrow-band
amplifier can be tuned over a limited fregquency range only,
whereas the P,S5.D., can be made to opereate over an alunost
unlimited frequency range. The chopping frequency giving the
optimum signal-to~noise ratio can therefore be determined
experimentally simply by varying the speed of the electric
motor, (iv) The cost of a P.S.D. plus untuned amplifier

is no more than the cost of a low-noise tuned amplifier.

A phase sensitive detection unit suitable for
spectroscopic work is made by Brookdeal Electronics, The
output from the photomultiplier (E.M.I. type 9558 QB) was
fed into a low-noise amplifier, (Brookdeal, model LA 350),
and from there into the signal input of a P.S5.D., (Brookdeal,
model PM 3%22), The d,c. output was measured on & T"
chart-recorder having a 1 sec. time response.

I+t is necessary for the P.M, power supply to be
extremely stable because small variations in the e,h.t. ]
voltage can cause relatively large variations in the P.M,

output signal, Some trouble was experienced at the outset
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because a ‘home-built! power pack was used which was
insufficiently stable and consequently affected the accurécy
of absorption measurements. For the later Work,va highly
stabilised 4.c.power supply (Hewlett-Packard, model 65164)
was used which produced less than 5 mV. ripple and noise at

the operating voltage of 1000-1100 V,
¢) Background lamp..

An air-cooled high-pressure Xenon arc (B.T.H. 2 kW,
type XE/D) was employed as backing source for most of the
absorption measurements described in thisg thesis. The
Xenon arc lamp is a compact, d.c. or a,c, light source which
hes -an extremely high br;ghtness temperature throughout +the
U.V., visible and near i,r., spectral regions and an
approximately continuous spectrum in the wevelength range
3000-8000 £. The brightest pert of the arc is & region
ebout one mm., in diameter just above the cathode. It
corresponds to & brightness temperature of 4500-5500?K, the
exact value depending on the power input to the 1amp.

The arc was run from & 220 V,, 55 amp. d.c., mains
supply. _Dropping registors were used to limit the current
to 50 amp. Stability is ell-important because the spectrum
is scanned at only ZR/min for the highest resolution studies.
Fluctuations in light intensity other than those produced

by genuine absorption in the flame will hamper the
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inteipietation of the results. A ripple on the mains
voltage at 50 ¢/s and 600 ¢/s proved troublesome, but was
elininated by passing the supply through a large choke and
R-C filter network.

The remaining fluctuations in light intensity were
due to slight wavering of the arc between the poles of the
electrodes. The problem is made more acute by the need for
focussging the light beam onto the spectrometer entrance
slit after traversal of the long optical path through the
flame, This effectively determines the minimum amount of
absorption that can be determined in practice. For a well~
designed lanp, thesg fluctuations produce a random error of
about 1% in the P.M., output signal.

Low-resolution abéorption gpectra of the 1-0
sequence of the 02 Swan bands were oﬁtained using a qQuartz
halogen tungsten lamp. The filament can be operated, for
the same life, at a rather higher temperature than
conventional tungsten 1amps, thus making it better suited
for absorption studies. It is not possible to use the
Xenon arc because its spectrum exhibits broad emission peaks
around 4700 R which coincide with the 02 absorption bands,
The lamp runs very stably off a 12V car battery and the
signal-to-noise ratio can be increased by using wide slits.

The brightness temperature is, of course, much lower than that
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of the Xenon lamp, but the loss in sensitivity is conpensated
for, to some extent, by the increased stability of the

quartz halide lamp.
d) Spectrometer.

] Emission and absorption spectra were megsured with
a 0,5m Ebert grating spectrometer (Jarrel-Ash, model 82-000).
The resolution is claimed to be at least 0.2 & in the first
order, using a 1180 grooves/mm (30,000 lines/inch) grating
and 10tkslits. Adjustment of both entrance and exit slits
of the.monochromator is made simultaneously by use of a single
control, calibrated in 2p~units to provide slit-widths from
5 to 400}L. Spectra could be scanned electrically at eight
different speeds ranging from 2 to 500 K/min. Two gratings
were employed blazed at 4000 R and 5000 K respectively,

In order to make gquantitative measurements, it is
necessary to know the spectral band-width, S, of the instrument
at a given slit setting (Section 2.4). S was determinéd
experimentally by slowly scanning the 3650.15 - 3654.83 2
lines from a low-pressure Hg discharge source and was checked
between BOOO-éOQO 2 by using emission lines from a hollow
cathode Te lanmp. The spectral bandwidth is equal to the area
of & nearrow emission line divided by its peak height and is
approximaﬁely given by the width of the line at half

intensity. It was Tound that the reproducibility for various
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alit settings was very poor, and so the slits were 'closed!
to their minimum value (1OF.nominal) and kept at this
position throughout the high resolution measurenents., The
spectral bandwidth_of the_monochromator at this setting was
determined to be 0.19 + 0.01 £ for the 5000 £ vlezea
grating and 0,20 + 0,01 K for the 4006 R blazed grating.

e) Multiple reflection system.

Minor modifications were made ?o_the maltiple
reflection system described in Section 3.2. The four
original mirrors were wreplaced by two larger mirrors, each
of é" focal length and.6“ diameter, It was necessary to
increase the focal length of the mirrors because their
aluminised front surfaces became hot and caused the
reflectivity to deteriorate fairly rapidly. The multiple
reilection system was nuch easier to adjust when only two
mirrors were used, although the design of suitable holders
for heavy, 1a;ge~diameter mirrors required careful
congideration, The mounts had to support the Weight of the
mirrors rigidly but allow accurate, controlled movements in
two dimensions. I+ was important the initial light beam
and erergent beam passed very close to the edge of the m;rror
in order to utilise the full surface area of each mirror.
The holder shown in fig.9 was found to be suitable. The

mirrors were mounted on an optical bench and once the multiple
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FPIGURE 9,

Construction of multiple reflection mirror

mounts,
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reflection system had bgen set up, no further adjustments
were generally required. Up to 15 trayersals were possible
with a spatiel resolution of about 1 mm, Figure 10 shows
the system set up to give 7 traversals; the light beam has
been made v%sible by blowing smoke into the space between

the mirrors.
£) Burner,

A pair of burners, based on oxyfacetylene welding
design, were made using nozzles of 0.9 mm, diameter (see
Pigure 11(a)). These¢ gave two identical laminar flames with
typical conical reaction zones and well Qefined lunminous
mantles of tye type depicted in Figure 1. In this respect
these burners were better suited to quantitative measurements
than the slot burners described in Chapter 3, even though
the peak absorption was slightly lower.' They were mounted
on a travelling-microscope table to allow adjustments in
pqsitign and height to be made with an accuracy of at least
0,1 mm,

The burners were provided wi?h outer jackets to
supply & shielding stream of inert gas. I+ was found that
air entrainment has & marked effect on the dimensions‘of the
mentle surrounding the innexr cone of fuel-rich flames, If
secondary air was prevented from reaching the flames by

shielding them with a stream of argon or nitrogen, the
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FIGURE 10.

Photograph of multiple reflection system
adjusted for seven traverses, The light
has been made visible by blowing smoke

into the bean.
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PFPITGURE 11,

(&) Oxy-acetylene burner (not to scale)

(b) Schematic diagram showing relative
positions of flame and neutral density

wedge.
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radical emissioﬁs extended much higher up the flame and +the
yellow carbon luminosity could be observed at less rich
nixtures then without the shielding. The effect is

illustrated in figure 15, c and 4,
g) Gases and flowmeters.

Commercial grade gases were used throughout with
no additional purification, except insofar as acetylene
cylinders were replaced when the internal pressure dropped
below 8 atmospheres, Since the gcetylene is dissolved in
acetone in the cylinders, the gas flowing from the cylinder
contains a certain amount of acetone. As the pressure in
the cylinder runs down, an increasing amount of acetone is
given off which, among other things, causes a reduction in
the final flame temperature. Thus a decrease in 02
absorption was observed only if near-empty acetylene
cylinders were used. Snelleman (1965) found that the acetone
contamination wes about 1% of the acetylene flow when the
total pressure was 15 atm,, increasing to about 2% for a
pressure of 6 atn, |

FPlow rates were measured to an accuracy of + 2%
by means of calibrated Rotameter flowmeters. The flows were
checked periodically with a standard gasmeter, Corrections
were made for the bhack-pressure in the tubing leading to the

burners.
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4.3, Linearity of respounse.

A number of tests were carried out in order to
check the linearity of response of the electronic detection
systen, Although the method chosen for the absorption
ﬁeasurements is, in principle, independent of the brightness
tempereature of the 1ight source employed, complications may
arise if the signal-to-noise ratio is very smell or if one
of the detecvion units is overloaded, An indicator lamp
1it up if the phase sensitive detector was overloaded, and
this would elways occur before the photomultiplier saturation
current was reached. | |

The linearity of the P.M. amplifier and P.S.D.
output was checked with and without the steady ﬁlame>emission
contributing to the nackground noise. A seven-step neutral
density wedge (Hilger & Watts) was positioned in the light-
bean in place of the flame, The wedge was calibrated to
give transmissions between 6% and 100%. Good agreenent was
obtained between the measured and given transmission for all
signal levels up to the P.S.D. overload,

The flame itself emits light of exactly the same
wavelength as it absorbs and thus contributes to the general
noise level. If the flame enission intensity is nuch
higher than the transmitted background light, the signal-to-

noise ratio will be very low and spurious absorption may be
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rocurden . Tu order bo invrestigate this, the apparatus was
set up to detect the background light and spontaneous flame
emission simultaneously but without actually passing the
light beam through the flame. A semi-silvered glass plate
wes used to reflect the light from the flame ounto the
spectrometer slit, as shown in fig.11(b). No emission or
anomalous absorption was detected even with the seven-step
wedge retained in position, although the recorder trace
became very noisy for the lowest transmitted intensity, (6%).
This shows thnot the phase~sensitive detection system is a
very effecient device for eliminating unwanted noise from e

weak a.,c. signal.

4.4, Absorption spectra,

Using loigslits, the background noise was about 1%
of the signal at 5000 A and, in practice, about 2% absorption
could be measured, The signal-~to-noise ratio decreased at
iower wavelengths owing to a fall in the reflectivity of the
mirrops_and reduced output:intensity of the Xenon lamp in
the u.,v. regions.,. About 5% absorption could be measured at
3000 & using 30 s1its.

Figure 12 gives some indication of the improvement
in the detection of the 02 spectrum. The absorption trace

is free from background noise and the intensity of absorption

for individually resolved P and R branch lines can be measured
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FTITGURE 12,

02 emigsion and absorption gpectra in &

fuel-rich oxy-ecetylene flame.

Experimental details: 11 traverses;
above the tip of the reaction zone;

o)
5 A/min. scan; 10 v slits.

2 mn,
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directly. compacisoa of the trace with Pig.6 illustrates

the effectiveness of the vhobtoeliectric method of recording

02 absorption compared to the photographic/flashtube method
of detection,

in additional absorption spectrum was discovered
that had not heen obvious from the preliminary investigations.
In the range %000 - 5000 3, a region of continuous
absorption was found to be present in the mantle of rich
flames. The continuum had 2 maximum around 3900 K and was
independent c¢f the specetral slit-width used. Although no
fine-structure was evident, there were indications of some
broad band structure and a secondary smaller maximum occurred
et 4300 K. (see Pigure 13).

This absorption is different from that caused by
goot particles, The continuous absorption due to the
presence of solid carboﬁ particles in the flame increases
uniformly with wavelength and occurs only in much richer
mixtures,

It is probable that the 03 molecule is responsible
for the absorption, as an underlying emission continuum.is
always found accompanying the Comet-Head band in flames,

The subject is discussed in greater detail in Section 5.2,

It was not possible to record absqrption spectra

o} o
of the 4315 A and 3900 A band systems of CH, The absorption
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FIGURE 13.

Absorption spectrum attributed to 0'3.

11 traversals; 2 mm. above the reaction zone.
The dotted lines between experimental points
are extrapolated =nd only show the gross

structure,
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is always very weak and nigh resolution is required,
Increasing the number of rellections causes a reduction in
the signal--to--noise ratio. Iy instances where spectra are
especially weak and electronic noige is high, it is likely
that the photographic/flashtube method of detection offers
& nore effective means of separating signal from noise.
Semi-guantitative calculations of CH concentrations

could be made from the 3143 R band absorption, Here the
(0,0) Q branch is piled up and the absorption was sufficiently
gtrong to enable lower resolution to be used, An emisgion
trace of this line~like band-head is shown in Figure 14,

| No other new spectra were revealed that had not been
observed previously by photdgraphic detection. Flames of
acetylene—-oxygen and acetylene-nitrous oxide only were

investigated.

4.5, General observations on the luminous mantle.

The onset of a mantle around the reaction zone of
oxy—acetylene flames occurred for mixtures richer than
(C/O)unburnt = 0,95, and was independent of air antrainment
into the flame. The yellow carbon 1umino$ity became first
noticeable for mixtures richer than ¢/0x1.1 in shielded
flames, or C/0«1,5 in unprotected flames. In general the
carbon luminosity was fairly wniformly distributed around the

inner cone although yellow carbon streaks would sometimes
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PIGURE 14,

Emission spectrum of the piled-up @ branch

o
in the 3143 A band system of CH.

Reaction zone of an oxy—-acetylene flame.

0
10{& slits, 2 A/muin, scen.
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originate Zfzorm points around the base of the inner cone (see
Figure 15(d)). This was attributed to quenching effects due
to the cold burner rim and has been discussed by Bonne et gl.
(1965). PFor less rich mixtures, between C/0 = 0,95 and 1.1
(shielded flames) the mantle was whitish-grey in colour,
emitting radiation mainly from Cos 03, and CH, although some
contingous enission was also observed throughout the visible
region,

For the purpose of calculating concentrations from
the absorption data, it is necessary to know the effective
path-length, L, of the probing light-beam through the luminous
mantle. To this end, photographic measurements were made to
determine the thickness of the mantle as a function of mixture
strength and height above the burner top. Typical
photographs are shown in Fjigure 15, The accuracy of the
measurements was assessed by investigating the effect of
exposure times on the appérent mantle thickness. For a single
traversal, L was typically 3-4 mm. just above the tip of.the
reaction zone and the error in measurement was about + 0.1 mm,
At a mixture strength close to C/0 = 1.0. the mantle was
barely visible and less well defined, changing rapidly with
slight variations in mixture strength; the error was thus
higher (up to 0.5 mn.).

The remainder of this thesis is concerned with the
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FPIGURE 15.

Photographs of fucl-rich 02H2 - 02 flames

showing luminous mantle.

a) ¢/0

i

0,97, mantle just appearing.

b) G/0 = 1.12, very light exposure to
show reaction zone,

e) ¢/0 = 1,12, normal exposure to show
mantle,
d) ¢/0 = 1.12, normal exposure, argon

shielding.
Hote the streak of carbon rising up

the left of +the flame,
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guantitative interpretation of the carbon radical spectra
(Chapter 5) and a discussion of their relevence to the
mechanism of soot formation in oxy-acetylene flames (Chapter

6)'
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" CHAPTER 5.,

DETERMINATTON OF EFFECTIVE TEMPERATURES AND

CONCENTRATIONS I'RQOLII 02, C. AND CH SPECTRAL DATA.

3

I+ was shown in Chapter 2 that the concentration
of absorbing molecules in specific rotational states can
be calculated frqﬁ the measured absorption in individual
rotational lines, The total concentration can be derived
from a knowledge of the population temperatures of the
molecules over all possible rotational, vibrational and
electronic energy stetes. This has been done for the Co
radical where absorption could be measured in individual
P and R branch lines of the (0,0) Swan band. The
resolution of the spectrometer was insufficient to resolve ‘
the triplet structure of lines with K" values greater than
about 20, and in the following analysis the spin splitting
has been ignored, - Justification for this and details of

the approximations involved are given in Appendix 1,

5.1. C, temperature measurements.

Effective rotational and vibrational temperatures
in both upper and lower electronic states were derived from
emission and absorption measurements of the 02 Swan bands,

as follows:
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a) Rotational temperatures.

The enission intensity, I is related to the

enm?
rotational temperature in the upper electronic state, Tgoo

by the relation
I oC Spign V' exp (~Bg /KTy, ) (5.1)

where SK’K” is the line strength, V the wavenumber of the
transition, EK, the energy of the rotational level from.
which the transition originaetes, and k the Boltzmann

constant.

A plot of 1n. (Iem/SK,K"\J ) against By, for

various lines in the P branch or R branch of a band should
give a straight line, the slope of which yields a value

for TR"

A similar relationship holds for the absorption

intensity and the lower rotational temperature, TR"' It
can be written asgs
[(I - I)/I }peak KvKnVeXP ("'EKn/kTRn) (5.2)

where [(I —-I)/I ] is the peak fractional absorption,

peak
as defined in equation (2.7) and the other symbols have
the same meaning as above except that the doubly primed
letters refer to the lower electronic state of the
transition.

TR" can be determined from the slope of the graph

of 1n [(I_-I)/I, 8 ,K..VJ , against Eg,.

pea



104,

Deviations from linearity can occur if there is
appreciable self-absorption, but the concentration of 02
molecu}es is too low for this effect to be important in
flames, Implicit in the above equations is the assunmption
that local thermal equilibriun (L,T.E.) holds so that the
Boltzmann distribution law is valid and can be characterised
by the temperature parametér T. .

The rotational structure of the (0,0) Swan band
was analysed with the aid of thg results of Callomon and
Gilby (1963) and Johnson (1927)3 Ey values were given
approximately by BOK(K + 1), where B0 is'the rotational
constapt of the vibr;tional ground level, The dependence
of egs. (5.1) and (5.2) on v 4 ana VvV , respectively, was
neglected. The errors introduced by these approximations
are negligib}e over the short wavelength interval covered
in this work. Spectroscqpic constants were taken from
Ballick and Ramsay (1962). Line strengths for the
transitions under consideration were derived from formulae
given by Budo (1937) and were computed as described in
Appendix 1.

Some lines are unsuitable for temperature
measurements because they are perturbed or blendedeith
neighbouring lines, Using & resolving power of 0,2 K,
only the P branch lines between K" = 25 and 52 and between

K" = 40 and 46 were considered to be sufficiently free from
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overlapping. Iinee P(48) and R(46) appeared to be missing.
However, closer examination under high resolution reveals
that the expected triplets are replaced by six lines of
equal intensity in two groups of 3 arranged symmetrically
about the unperturbed position. (Calloman & Gilby, 1963).
The perturbation arises through interaction with the A3TTg
state whose vibrational level, v = 11, coincides With the
rotational level, K = 47, in the upper A3TTg state,

Another perturbation occurs in the (0,0) Swan band affecting
the R(50) and P(52) 1ines. In this case, only one member
of the triplet is affected. These perturbations appear

to be localised and are easily recognisable, It is not
thought that the line strengths of the other rotational
lines are significantly altered and no experimental evidence
for this was found.

Semi-logarithmic plots of the fractional peak
absorption and emission intensity, divided by the line
strength versus K(K+1), are given in Pigures 16 - 19 for
typical emission and absorption spectra from both the
reaction zone and 1uminous mantle, The data used is set
out in tables A,1 to A.é and presented in Appendix 2.

The graphs gave reasonable straight lines and
there were no indications to suggest a breakdown of L.T.E.
For emission, the results were consistent With those of

previous workers (Gaydon, 1957; Marr, 1957). In the
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DETERMINATION OF ROTATIONAL TEMPERATURES

OF C, IN THE REACTION ZONE AND LUMINOUS

MANTLE

]
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FIGURE
FIGURE

FIGURE
FIGURE

OF OXY--ACETYLENE FLAMES.

effective rotational temperature
in the upper ABTTg state.

effective rotational temperature
in the lower X3TTu state.

16.
17

18,
19.

Iuminous mentle, Tp, = 3350°K.

Reaction Zone, Tp, = 5000°K,
5150°K.,

Reaction Zone, Tp, = 4800°K.

Tuminous mantle, TR" = 3550°K.
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luminous mantle above the reaction zone, an average value
of Tp, = 3300 + 200°K was obtained, which compares
favourably with the calculated equilibrium temperature
(see Chapter 6). The temperature in the reaction zZone
was much higher; a mecan value of Rt = 5000 + 250%K was
derived from P and R branch measurements.

Absorption measurements showed a similar high
rotational temperature in the reaction zone for the XBTTu
state of 02. |
The majopity of the results were in the range
Tpu = 4500 % 500°K.  Values of Tpe in the mantle were
lower, being in the range 3000 - 3600°K with more results
at the upper end of the range than at the lower. The
random error, as determined from the maximum and mininum
slopes that could be drawn through the experimental points,
was estimated to bhe + 300°K. A possible systematic error
arises in the absorption measurements concerning the
position of the base line of the recorder trace
corresponding to zero absorption (IO). This may tend to
give an overestimate for the rotational temperature, and
would explain why the experimental results could well be
200 ~ BOOOK higher than the adiabatic flame temperature.
However, in view of the magnitude of the errors involved,
no definite conclusions could be drawn regarding departures

from thermal equilibrium,
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The results were not sufficiently accurate to
show whether there was & variation of the rotational
tenperature with mixture strength or distance above the
burner; calculations of equilibrium temperatures (see
section 6,1) predict.a>fall of about 200°K for C:0 ratios

in the range 1.0 - 2,0,
b) Vibrational temperatures.

Emission and absorption spectra of the 1-0
sequence around 4700 K were used to estimate the
vibrational excitation in AJTT ; end X1, states of Cy.
A fypical emission spectrum is shown in Figure 20,

Bffective vibrational temperatures were derived from the

relations:

I, 0C A yn V' oexp (<E,,/KT_,) (5.3)

[(IO - I)/Io]headoc Avtvnv exp ("Evn/kTvn) (5.4)

where Av'v" is the Pranck-Condon factor of the vibrational
transition v'! -~ v", E, and T are the vibrational energy
and temperature, respectively, and the other symbols
have the same meaning as before.

Thg evaluatiqn of vibrational temperatures from
equations (5.3) and (5.4) is much less accurate than the
corresponding determination of rotational temperatures,

Whereas rotational transition probabilities or line
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FIGURE 20.

Low resolution scan of the 1-0 sequence

02 Swan bands.

Emigsion from luminous mantle of oxy-

acetylene flame. 25 o slits, 103/min.

of

scan.
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strengths can be calculated without difficulty from known
constants, vibrational transition probabilities can only
be evaluated by integration of vibrational wavefunctions.,
It is necessary to make approximations in the correction
of these from parabolic to actual potential-energy curves
and there is usually some lack of knowledge of the
variation of the dipole moment of the molecule with
internuclear distance. However, PFranck-Condon factors
are now available for many diatomic molecules, and these
are proportional to the vibrational transition
probabilities if the eledronic transition moment does not
vary appreciably with vibrational guantum number, v
(Nicholls et al, 1957). The A_, y Values used in this
chepter were taken from the calculations of Jain (1964).
Some approximation is also involved in taking
the band-head peak intensities to represent the true
relative band intensities., Rotational structure
complicateg the inténsity distribution of each band and
makes measurement of overall intensity difficult, The
intensity distribution varies from band to band within the
system and also with the effeetive rotational temperature.
The shape of a band head is mainly determined by the
quantity |B_, = B | and will vary for different v' - v"
combinations since the rotational constant Bv depends on v.

For the 1-0 sequence of C, (Swan), this variation is small
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and a low-resolution scan of the (1,0), (2,1), (3,2), and
(4,3) heads nmay be expected to provide a fair representation
of the overall band intensities.

Seni-logarithmic plots of Iem/Av'v" and
[(IO - I)/IOAv,v"]head against vibrational energy are
presented in Figures 21-23, The experimental data from
which the vib;ational temperatures were derived is given
in Appendix 2. Also included on the graphs are similar
straight-line plots, using experimentally determined
relative transition probakilities (designated_A'v.V") in
place of the calculated F:anck-Condon factors., They were
taken from the work of King (1948). He derived the
A%'v“ values from rclative intensity measurements of
bandheads appearing in carbon-furnace emission spectra
under conditions of thermodynemic equilibrium. Tenmperatures
were of the order of 3000°K and the spectral resolgtion
appears to have been similar to that employed here,

The use of these experimental transition
probabilities might, therefore, be expected to yield better
straight-line plots than the calculated Franck—Condon
factors, and this was generally found to be the case, In

particular, the & n value for the (4,3) band showed the

viv
greatest discrepancy between Jain's calculations and King's

result,



DETERMINATION OF VIBRATIONAL TEMPERATURES OF
C, IN THE REACTION ZONE AND LUMINOUS MANTLE
OF OXY-ACETYLENE PFLAMES.

PIGURE 21, Luminous mentle, T_, = 3300°K,
3400°K.

PIGURE 22, Iuminous mantle, T, = 3600°K
3800°K

FIGURE 23, Reaction zone, T., = 6500°K

v!
7800°K.
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The calculated transition probabilities gave
slightly higher vibrational temperatures than those
obtained by using King's values. For the luminous mantle,
the temperature in the XBTTu state was estimated to be
3400°K and 3300°K respectively, and the upper state
vibrational temperatures, Tv"’ were 3800°K and 3600°K.
Temperatures in the reaction zone were much higher; wvalues
of TV, were in the range 6000 - 8000°K and a high value
for Tv" was also indicated, although the weakness of the
absorption prevented quantitative measurcments being made,

Marr (1957) obtained a temperatufe of T,
3900°K from emission measurements in the mantle of oxy-
acetylene flames, He suggested that self-absorption might
at least partly account for the apparent thermal
disequilibrium in the mantle but the present absorption

measurcments indicate that the corrections are small.

5.2+ Concentration measurenents.

a) C, concentration.

The total concentration of C, molecules in the
XBTTu state was determined with the aid of the relationships
introduced in Chapter 2, The concentration of molecules
in the K"th rotational level of the (0,0) band is given

by equation (2,12)
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- v

2 I -I 1" -
N - Inc S [ o J 2K +1 1
K o ) (5-5)
Te L Io peak SK'K" fOO

where [(IO-I)/IOJpeak = pegk fractional absorption in the

K"th line
SK“K' = K" 1§ P branch
< K"+1, R branch
and f_ = oscillator strength of the (0,0) band of c,

(2’1 > A3TT‘g)

There is some uncertainty in the literature as
to the actual value of foor Shock-tube methods _
(Fairbairn, 1966; Sviridov et al,, 1966; Harrington et al.,
1966) give a value in the region of 0,02 ~ 0.03, while
measurements of C, emission from carbon-tube furnaces
(see discussion by Porter et al., 1967) favour a lower
value, ca., 0,005, An intermediate value, 0.016, was taken
for this work, as given by Fink and Welge (1967) from
lifetime measurements of C, (A°TF ;) by the phase-shift
method,

The fractional absorption in the line P(31) was
measurcd as a function of mixture strength and height
above #he reaction zone for fuel-rich acetylene-oxyggn
flames. An average pesk fractional absorption of 4,1 x
19-2 per cm. of mantle was found in flames having G/0 =
1.18, at a distance 2 mm. above the tip of the reaction

zone, Substituting the following values in equation (5,5)
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mcz/ne2_= 1.13 x 1012 cm, § 2K"+1 = 633 SK" = 313
- . - -1, -
Too = 0.0165 8 =0.72 em 5 and [(T-T)/I L] 0
= 4.1 x 10~° cm-l, we get
. 12 =3
NK" =31 = 4,24 x 107" cm ~.
The concentration of molecules in the v" =0

lower state was calculated by using equation (2.5), The
rotational partition function, Q, ., reduces to kTp/B_ if
kTR:> B,, & condition which is satisfied for all cases

considered here, Thus, substituting BO = 1,624 cm-l;

1

Egn = 1610 cm~.; and Pp 3300°K (section 5.1), we obtain

N(ETT, v" = 0) = 1,92 x 10M o™,

Similarly, the total concentration of 02 in the XBTTu state
may be calculated knowing the vibrational temperature, Tv"’
and the pertition function, Qvib; TVM=$33000K for the

luminous mantle and Q is given by

vib
QVib = eXP(—Ev",:O/kT.V.u) + eXp("Evll_—_l/kTv!l)
+ eXp(-EV"=2/kT'V'") + s 000
~ -3
Thus N(XBTTU_) = 133 eXP(Evll_:O/kTvu) NV"=O

R

Some 02 molecules will also be present in the
lf:z electronic ground state which lies 610 cm + below the
XBTT state but has a multiplicity of only one sixth the

u y
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latter, When this contribution has been included, an
overall concentration of 2.5 times the XBTTu, vt =0
concentration was estimated,

Experimental errors amounted to 15-20%, but the
total accuracy is limited by the value of the oscillator
strength employed. A factor of two or three in the 02
f value would not alter_the general conclusions which have
been drawn in Chapter é.

An order-~of-magnitude estimate of the
concentration in the reaction zone could be made from a
knowledge of its thickness. Gaydon (1957) gave a value
of O.QZ mnm. for stoichiometric oxy-acetylene flames at
1 atm,.,, increasing to at least 0.1 mm. in fuel-rich flames.
Taking the latter value as a lower limit for our flames,

Cy concentrations were estimated to be up to Tifty times
higher in the oxidation zone than in the mantle.

Relative concentrations of 02 were studied as a
funetion of mixture strength and height above the reaction
zone by measuring the peak absorption in the unresolved
(0,0) band~head. Here the absorption was about 3 times
larger than in any of the individual rotational lines and
therefore more easily measured. If the total width of the
unresolvable head is large compared with the spectral band-
width of the spectrometer and the Beer-ILambert Iaw holds,

then the quantity (1/L) 1n (IO/I) should be

peak
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proportional to the 02 concentration. This was verified
experimentally for up to 40% peak absorption, using a 10f&
slit-width. The results are presented in Figures 24 and

25, and discussed in Chapter 6,
b) 03 concentration,

Absorption of the 4050 X band was too weak to
measure accurately but was superposed on a fairly strong
continuous absorption (see section 4.4 and Figure 13) from
which quantitative concentration estimates were made. The
resemblance between this continuum and that observed in a
King furnace at the same temperature is fairly good,
although the Tlame continuum appears to extend to shorter
wavelengths, There is strong evidence to suggest that it
is associated with 03 (Phillips and Brewer, 1955; Marr and
Nicholls, 1955), and is really a pseudo-continuum
congsisting of a large number of overlapping bands having
the same bound states as the 4050 2 fand system (Brewer
and Engelke, 1962), The latter authors derived an f.value
of 0.13 for this trensition from measurements of the |
integrated gbsorption in a carbon~tube furnace of known
temperature. They neglected absorption below 3700 X, _
which they estimated might add 30% to the total absorption.,
Our measurements indicate that nearly 60% of the total
absorption is on the u.v. side of 3700 g (see Figure 13)

which would increase the f value from 0.13 to 0,32 if all
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the absorption were due to the 03 molecule,

It is possible that C; may éontribute to the
absorption, although its equilibrium concentration is
much lower'thag t@at of CS at tenperatures below 4COO°K
(see section 6.1). Recently, Echigo et al (1967)
proposed that polymerised and decomposed hydroga?bon
compounds emitted banded spectra in the near i.,r. region
in luminous flames, but there is no evidence to suggest
that gppreciable emigsion from these'compounds occurs in
the u.,v. spectral region.

Tor the purpose of deriving a total Cs
cdncentration in theji+g ground state, the integrated

absorption to the red of 3700 ﬂ was measured and the

value fel = 0,1% substituted in the relation

2 (5000 %

ol + me .

£f .5 = kv d
1 ¥ ((27) weZ [5708 4"

The magimum absorption, (560 cm“i), occurred at
aHQ/O ratio of 1.41 and yielded 5«03 concentration of
1.3 x 10%° molecules CQ-B for eleven traversals, 2 mm,
above the reaction zone, ﬁelative concentrations were
studied as a function of mixture strength and height above
the reaction zone by measuring the peek absorption at 39002.
The absorption was independent of the spectral slit-width
ugsed and proportional to the total area under the curve

of (1/L) 1n (IO/I) against wavenumber., - The results have
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been plotted in Figures 24 and 25 for compaerison with data

on 02.
¢) CH concentration.

An order-of-magnitude estimate of CH concentrations
in the XZTT'ground state was made from the abso?ptiop in
the piled=-up Q branch of the 3143 X band system. Agsuming
a reqtangular profile for the 3143 K tlinet!' of width 20
cm-l, and neglecting contributions from lines outside this
bandwidth, the total integrated absorption of the band is
readily estimated., An oscillator strength of £ = 6.2 X%O—S,
as suggested by Linevsky (1967), was used in equation (2.2}
to convert the integrated absorption into CH concentration.
It was not possible to measure CH concentrations
as a function of mixture strength or distance above the
reaction zone because the absorption was always week and
the background noise level in this region was high. For
11 travergéls through the luminous mantle the absorption
in the (0,0) Q head was about 5% which yielded &

4 padicals cm_j. Concentrations

concentration of around 101
of CH in the reaction zone were estimated to be a factor
of 50-~100 higher, assuwming a thickness of ca, 0.1 mm; for

the reaction zone,
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FIGURE 24,

Variation of C, and C3 concentrations
with mixture strength.

Expe?imental results refer to traversals
2 mm; above the tip Qf the reaction zone

of unshielded flanes.
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FIGURE 25,

Veriation of 02 and 03 concentrations
with height above the reaction zonre.

Unshielded flames, C/0 = 1.4.
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CHAPTER 6.

EQUITIBRIUM CALCULATTIONS OF CARBON RADICALS IN

OXY-ACETYLENL FTLAMES AND DISCUSSION OF CARBON

TORMATION.

6.1, Equilibrium Calculations.

The results obtained in Chapter 5 are best
discussed in the light of the expected equilibrium
concentrations of carbon radicals in oxy-acetylene flames.
The equilibrium composition and temperature of a flame can
be calculated from thermochemical data for the reactants
and products. Details of such calculations have been given
in the book of Gaydon and Wolfhard (1960)., The computations
are laborious, relying on an iterative procedure to obtain
the correct flame temperature, and are best handled by
modern digital computers. All possible chemical species
should be included but owing to a lack of thermochemical
data for many of the minor constituents iﬁ hydrocarbon-
oxygen flames, only the following products are usually
considered: H20, 02, H2, 002, co, OH, 0, and ®H,  This
approximation is valid for near-stoichiometric flames but
serious errors can occur for fuel-rich mixtures because
appﬁeciable concentrations of hydrocarbons are present in
the burnt gas and solid carbon may be formed,

Gay et al. (1961) have calculated the temperature
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and composition of acetylene-oxygen flames at various
mixture strengths, taking into account the equilibrium
between solid carbon and carbon vapour. They found that
so0lid carbon should begin to be formed at a C:0 ratio in
the unburnt gas of 1.08 (corresponding to a flame
temperature of 3275°K) when only monatomic and diatomic
carbon vapour is considered. If higher polyatomic carbon
molecules (03, Cpr Cs etc.) are included in the calculations,
the critical C:0 ratio changes to 1.35 and the equilibrium
flame temperature is reduced to 3095°K. The relevant
thermochemical properties of.the carbon ﬁolecules were
taken from the theoretical calculations of Pitzer and
and C

Clementi (1959), who predicted that C should be

7 9
the predominant species in equilibrium with solid carbon

at 5000°K. This conclusion is not substantiated by mass-
spectrometric studies of carbon vapour in equilibrium with
graphite (Chupka and Inghram, 1955; Drowart et al. 1959).
Experimentally, it appears that 03 is the major congtituent
of carbon vapour at temperatures over 2000°K, Pitger
later revised his calculations (Strickler and Pitzger, 1964)

and showed that no molecules larger than C. should

5
contribute significantly to the vapour pressure of carbon
except at temperatures well above 4000°K.

Equilibrium concentrations of C, ang 05 radicals

were re-calculated from the results of Gay et al. using



. Equilibrium temperatures and partial pressures (atm.) of some carbon species in acetylene-oxygen flames at

" TABIE 1

1 atmosphere.

‘ | I } ;
i - ¢/o i 0.9Y 1.00 f. 1.03 , 1.08 “1.11 .25 | 2.0
| | | ’
f‘)T(’. K) 3383 3325 3304 3275 3266 3233 | 3122
f - g - ! - - -
’cilgas) | 2.2x 107 [1.9x 107 3.8 %107 | 4.8 x 107 4.5 x 1077] 3.5 x 107 1.3 x 107
;
‘ - - 3 - ’ - -
o 13.8x10 23,8 x107 !1.8x107 ! 3.6x10% 3.2x10%! 2.4 x107% 8.2x 107
o ' 2.5 x 10717 3.1 x 1078 4.5 x 107 9.5 x 10741 1.1 x 1073 | 7.4 x 107% 2.7 x 1074
a) , o ' )
CH 12,1 x 1079 12,1 x 1076 4.5 x 1078 | 6.1 x 1075! 5.8 x 1075 4.9 x 1073 2.8 x 1075
a) - : '
L CLH, 19 x 10712 | 1,6 x 1005 |9 x 1073 0.0215" 0.0226 0.0234 0.0257
La) }:
Csolid 0 0 0 0.0009 0.0197 0.09%45 0.4139

% Moles per mole of gaseous products.

a) From table 7 of Gay et al. (1961)

€T
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their values of flame temperatures and atomic carbon
concentrations (assuming only Cl and 02 are present) in
conjunction with the equilibrium constants for the
dissociation of C, and 03 into carbon atoms. The
dissociation engrgies of C, and 03 were taken to be 143
k.cal/mole and 391 It,cal/mole, respectively (Gaydon, 1968),
Results are listed in Table 1; Gay's values for CH, CoHs

and C a have also been included., Drowart's (1967)

soli
revised experimental results for the equilibrium vapour
pressure of graphite have been extrapolated to 3250°K and
are presented in Table 2, They give a convenient check
on the calcuiations summarised in Table 1, and it is

gratifying to note the satisfactory agreement between the

two sets of results,
Table 2,

Equilibrium vapour pressures of carbon species
in equilibrium with graphite at 32500K,

Species Pressure (atm.)
Cy 4.5 x 1074
' ~4
02 4 x 10
o, 2,5 x 1070
-6
05 ‘6 x 10

other species £ 1077



136.

6.2. Comparison with actual carbon radical concentrations
in flames, |

In Pigure 24, experimentally determined
concentrations of 02 and 03 are compared with the calculated
equilibrium values listed in Table 1. It is obvious that
the measured comecentration profiles are less steep than
the calculated curves and the peaks occur at slightly
richer mixtures, The absolute concentrations generally
agree to within a factor of two but, whereas the calculated
equilibrium concentration of carbon radicals is very low
for mixture strengths of G/0«€ 1.0, experimentally one finds
appreciable concentratiops extending downstream of the
reaction zone for G/0> 0,95, Results obtained with and
without an outer flow of shielding gas are essentially the
sane, A decrease in total absorption occurs when no
protective sheath is used, but this is dvue to the reduced
size of the 1uﬁinous mantle, as a result of reactions of
carbon species with secondary combustion products, rather
than to any change in concentration in the mantle itself.

For convenience, the experimental and calculated
equilibrium ooncent;ations of 02, 03 and CH ip a typical

rich flame (G/0 = 1.25) are listed in Table 3.
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Table 3.

Partial pressures (atm) of carbon radicals in a
fuel-rich C,H, ~ O, flame at 1 &tm. -(C/0 = 1.25;
T = 3233°K)

. /
Species 02 : 03 CH

~

Calculated 0.4 x 104 7.4 x10% 4.9 x 1077
Experimental 2.1 x 100% 6.0x 10% 5 x 107°

6.3, Discussion.

Differences between the calculated and experimental
curves of concentration against mixture strength can be
explained mainly in terms of the approximations involved
in the equilibrium calculations and experimental
measurements. Interpretation of quantitative
spectroscopic measurements in flames, other than those
with flat reaction zones, is complicated by the fact that
the flame parameters will vary along the optical pathlength
as defined by the associated optics. Thuss each
experimental result represents some sort of mean quantity
averaged over the pathlength through the flame. The C:0
ratio may vary across the flame and be different locally
.from that in the original unburnt gas mixture, However,
the carbon luminosity is fairly uniformly distributed
around the inner cone, suggesting that the diffusion rates

of oxidising species and acetylene molecules are not
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appreciably different.

The onset of a mantle around the reaction zone
for mixtures richer then C/0 = 0,95, instead of +the
theoretical carbon point, C/0 = 1.0, appeared to be a
genuine effect and not due to inaccuracies in the
calibration of gas flow rates. It is well~known that
carbon formation in premixed flames is a non—equilibrium
phenomenon and sgoot is frequently observed for mixtures
with C/0<1.0. Street and Thomas (1955) used the
appearance and d%%ppeafanoe of the yellow carbon luminosity
to measure the onset of sooting, and obtained a value of
¢/0 = 0.83% for shielded acetylene-air flames, Homann et al.
(1963) determined a critical C:0 ratio of 0,91 for
Tormation of carbon particles of diameters greater than
about 40 K in acetylene-oxygen flames at 10-30 mm., Hg
pressure, On the other hand, Gay, Agnew, et al. (1961),
using a small water-—cooled metal plate positioned at
various heights above the tip of the reaction zone, first
found evidgnoe of carbon deposition at a mixture strength
of /0 = 1,16 in oxy=-acetylene flames at 1 atm., From
their published photographs and from the absence of change
when nitrogen shielding was employed, it appears probable
thet their flames were turbulent. '

In general, comparisons between different

experimental observations are not very useful because
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critical C:0 ratios can be a function of flame structure,
temperature, and quenching by the burner top, as well as
being dependent on the criterion used to measure the onset
of sooting. The luminous mantle of the ghielded flames
described in this thesis showed a yellowish colouration
for mixture strengths greater than ¢/0~1.1. However
weak, continuous emission was obsexrved throughout the
visible region for less-rich mixtures (C/02>0,95),

suggesting that carbon particles were already present.

6.4, Equilibrium in the reaction zone and luminous mentle.

In common with earlier studies, large departures
from thermal and chemical equilibrium were found to occur
in the reaction zone, The temperature results obtained
(section 5.1) show that C, 1s formed with excess
rotational and vibrational energy and, during its lifetime
in thc reaction zone, the number of relaxing collisions
is too small to redistribute the initial rotational and
vibrational distribution to one corresponding to the
equilibrium f£lame temperature, It. is not clear how this.
non-thermal radiation arises. Gaydon et al. (1960)
derived an electronic excitation temperature for 02 in low
pressure oxy—acetylene flames, and obtained a value 1000°K
in excess of the equilibrium temperature. The results

strongly point to a chemiluminescent formation but the
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actual mechanism is still obscure. Owing to the large
heat of formation of C, (8.49 eV), it is difficult to
postulate simple reactions which are sufficiently
exothermic to explain the strong Swan band emission from
flames. Gaydon and Wolfhard (1950) suggested that C, is
formed in the XBTTu state with excess rotational energy
by the exothermic breék—up of unsaturated hydrocarbon
polymers., Subsequent excitation to the upper electronic
state occurs by collision with a vibrationally excited
molecule before the initial internal energy distribution
has had time to equilibriate, This indirect
chemilumineseent mechanism explained the effects of pressure
and diluents on their C, (ABTTg) rotational temperature
results but it is difficult to reconcile with absorption
measurements of effective C2 rotational and vibrational
temperatures in the triplet ground state. Bleckrode and
Nieuwpoort (1965) found that the population temperatures
were too low to account for such an excitation mechanism
and the present study at atmospheric pressure confirms that
temperatures in the XBTTH state tend to be lower than those
in the ABTTg state.

Although several reactions have been proposed for
the direct formation of 02 in the electronic excited state,
it is not possible at present to teét whether any of them

do actually occur. Experimental evidence points to the
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initial breakdown of the C~C bond in acetylene (section 1.6)
rather than the successive stripping of hydrogen atoms
from the carbon skeleton.

There is strong evidence pointing to the
chemiluminescent production of CH radicals from 02 via the
reaction

C, + OH —> CH* + CO
although the reaction

C,H + 0 — CH* + CO
may also be important in certain circumstances (Ndaalio
and Deckers, 1967).

Figure 25 shows the decay of C, and 03
concentrations with height above the reaction zone. For
less-rich mixtures, the gradients become steeper but the
general form of both curves remains unchanged. It appears
that the 02 concentration does not fall to the steady
equilibrium value until several millimetres beyond the
reaction zone, whereas the 03 concentration gbove the tipv
is slightly below the full equilibrium value. Curves of
emission intensity were similar to the absorption results,
Emission from C, was very much stronger in the reaction zone,
but for 03 the emission from the surrounding mantle region
always masked that from the+thin reaction zone, indicating
that the radiation from the reaction zone itself was not

abnormally strong and could well be absent.
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There was little evidence for thermal disequilibrium

in the mantle and the measured C; population temperatures
were close to the maximum equilibrium flame temperature,
i.e. 3300°K. Rather high vibrational temperatures for
the A3T\'g state were recorded (Tv‘ ~ 3600°K) and
slightly high values were indicated for the X?Tru

state rotational temperature.

The gradual fall in 02 and 03 concentrations is presumably

21
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due to cooling of the flame by radiation and other losses,

and corresponds to a temperature drop of about 50°K per cm,

height of mantle.

6.5. Connection between CQ, 93 and carbon formation,

Some important aspects of soot formetion in

premixed flames were discussed in seoction 1,6 and various

theories linking the radicals C,, C,, and 0'3 with formation

of solid carbon in flames were described in section 147.

No information has been obtained concerning
atomic carbon concentrations, but measurements of C, and
03 concentrations give some eclues as to their relevance in
the soot—-formping processes occurring in high-temperature
flomes,

There are three possibilities:-
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These results, if genuine, cannot be due to actual
delayed relaxation of 02 moleculeg chemically formed in the
reaction zone, hecause the neceséary relaxation times would
have to be impossibly high, and the measured temperatures
are independent of distance above the reaction zone,

They could be caused by some continued reaction producing
new excited molecules in the mantle but in view of the
normal values obtained for Tv" and TR, it is more likely
that systematic errors are responsible for the discrepancy.
The gradual fall in 02 and 03 concentrations is presumably
due to cooling of the flame by radiation and other losses,
and corresponds to a temperature drop of about 50°K per cm,

height of mantle.

6.5. Connection between C,, gs and carbon formation,

Some important aspects of soot fo?mation in
premixed flames. were discussed in section 1.6 and various
theories linking the radicals C,, C,, and 03 with formation
of solid carbon in flames were described in section 147.

No information has been obtained concerning
atomic carbon concentrations, but measurements of 02 and
03 concentrations give some clues as to their relevance in
the soot-formfing processes occurring in high-temperature
flomes,

There are three possibilities:-
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1. They are important intermediantes, i.e., carbon
formation oeccurs via C2 and 03.

2., They are products, i.e., C2 and C3 are formed by
evaporation of hot carbon particles or incipient
particles,

3. The formation of solid carbon and C, and C3
radicals occurs independently or by competing
mechanisms¢

The formation of solid carbon by direct
condensation of carbon vapour can be ruled out. At
temperatures of around 5000°C, the prinecipal constituent
of oarbon vapour is Cf (Table 2), However, the variation
of 03 condentration with mixture strength and height above
the reaction zone indicates thet it is a product from rather
than precursor of solid carbon, 03 is usually observed
only in hot flames exhibiting & luminous mantle and its
concentration immediately above the tip of the reaction zone
eppears to be slightly below the full equilibrium value,
suggesting that it is formed by evaporation of hot carbon
particles or incipient particles, The good agreement
between calculated and experimental concentrations (Table 3)
indicates that the equilibrium vapour pressure of soot
parficles is not appreciably different from that of pure
graphite,

In lower~temperature flames, the vapour pressure
of carbon is reduced and the continuous carbon particle

radiation masks the C, and C3 emission., Durie (1952)
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obsexrved the 4050 K Comet=-Head bands in hydrocarbon flames
supported by fluorine. The flames were generally sooty,
but gradual dilution of the fuel with hydrogen caused the
luminosity to decrease and 62 and 03 bands began to appear
through the continuous emission. The 03 bands disappeared
again together with the continuous emission from the carbon,
leaving a-bluehgreen flame emitting only C2 and CH
radiation,

Norrish, Porter, and Thrush (1955) detected the
4050 2 bands in the explosive oxidation of acetylene/oxygen
mixtures studied by flash photolysis. They concluded that
the 05 molecules were formed from solid carbon particles
and were in equilibrium with them. It is interesting +to
note that these authors also observed an absorption
spectrum similar to that shown in figure 13, élthough they
did not connect it with 03 at that time.

02, on ‘the other hand, is formed prior to solid
carbon'in the main oxidation gone. It has a very high
concentration within the reaction zone (up to 1016
molecules em °) and this does not fall to the steady
equilibrium value until some mm. beyond the tip. In view
of its close association with carbon formation in premixed
flames and its relotively high initial concentration,
reactions linking the two together deserve careful

consideration,
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The polymerization of C, molecules to form solid
carbon as originally suggested by Smith (1940), can be
ruled out even in very hot flemes. Gaydon and Wolfhard
(1950) showed by simple cealeulation that 02 molecules
collide with each other only once on average during their
passage through the reaction zone. They assumed a normal
gas~-kinetic collision cross~-section, and a C2 concentration
of about 107 atm. which is sufficiently close to the
measured concentration to illustrate the unlikelihood of a
direct polymerization mechanism;, Also, cyanogen—oxygen
flames, which have an equilibrium flame temperature of about
4800°K ond show véry strong 02 emission, do not normally
give any solid carbon,

An alternative suggestion, requiring lower 02
conecentrations and accounting for the relatively large
hydrogen content in soot, is that C, radicals could act as
nuolei for carbon formation from acetylene and unsaturated
hydrocarbon fragments, The observation of Gaydon and
Fairbairn (1955) that carbon is formed at low temperatures
by reaction of acetylene with the products of a carbon
monoxide after-glow (containing G, and atomic carbon) led
them to conclude that the following reactions might be
occurring:

Cy + CoHy, —> ¢, + H,

C, + CoHy ~» Cg + Hy, cte.
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Tesner (1955) suggested that once carbon nuclei
have been formed, surface decomposition of fuel or fuel
fragments will be the most important route for carbon
formation since dehydrogenation will be made easier by
simultaneous carbon ring formaetion and.release of energy.
He studied the degree of dispersion of carbon particles
formed by passing hydrocarbon vapour ‘through a heated
reaction tube and concluded tha+t surface decomposition of
the hydrocarbon proceeds at temperatures 150° to 200°k
lower than those necessary for the formation of carbon
particle nuclei, Tesner estimated that a nucleus is four
to five orders of magnitude smaller in volume than a
particle and therefore only an insignificant propor?ion of
the decomposing hydrocarbon goes to form the nuclei,

Conditions in actual flames will be different
because flame temperatures are much higher and competing
oxidation reactions are occurring which also help to break
downn the original fuel molecules. However, Tesner's
results 4o not preclude the possibility of 02 radicals
initieting the growth of carbon particles in premixed
flames,

Bonne, Homann, and Wegner (1955) made én
extensive study of carbon formation in low-pressure flames
and showed that polyacetylene compounds are formed and play

an important part in the nucleation and growth stages
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(see section 1,6), The polyacetylenes are assumed to have
radical characteristics and be formed in the oxidation 2zone

by radicél reactions of the type:

CoH, + 0 —> CH, + CO
CHZ + 02H2-—é 02H + CH3
CoHl + CpH,y —3 CyH,

— C4H2 + H
C4H2 + 02H2-—b 06H4

3
—> C6H2 + H,
etc.

From the results of Gaydon and Fairbairn, it would
appear that 62 radicals could promote the formation of
higher acetylenes by reactions of the type:

C, + 02H2 ~> O H + C,H

CoH + CpHy —3 CyHg

C4H3 + Cp —> C4H2 + C,H

C4H2 + Cp —> C4HT+ CoH

ete.
Unfortunately the radicals 02H and CH2 have not
been observed spectroécopically in flames and present

evidence_does not allow their relevant importance to be
asgesced, In view of the high rate of production of 02

radicals in the oxidation zone of high-temperature flames,

reactions of the above type may be important and lead to
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carbon formation along the lines suggested by Bonne,

Homann, and Wagner.

6,6,

Conclusions,

The general conclusions arrived st in this chapter

are summarised below,

1.

3.

44

5

The concentrations of 02 and 03 in the mantle of
oxy-acetylene flames, about 2 x 10 and 1 x 10%?
3

molecules cm ~, respectively, are consistent with'
values expected for equilibrium with solid carbon.
There is little evidence for thermal disequilibrium
in the luminous manfle.

Solid carbon is not formed b& the diréct condensation
of carbon vapour,

Cé is formed by evaporation of solid carbon and is not
present in signifilecant conoentratibns pyior to the
formation of inciplent carbon particles.

02 radlcals are chemically produeced in the reaction
zone before carbon formation begins, Their initial

concentration, up to 1016 molecules cm-3, is abnormally
high and they may be important species in the

nucleation stage of carbon formation.
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6.7« BSuggestions for future work.

It is thought to be worthwhile to mention some
additional experiments which were copsidered but could not
be carried out owing to lack of time,

Certain gases have been reported to have a marked
effect on carbon formation and C, emission from flames.
Addition of small amounts of chlorine containing compounds
strongly ineoreases the green C, emission from rich
hydrocarbon~oxygep flames but only slightly increases the
carbon luminosity. Sulphur trioxide causes a striking
increase in carbon formation if as little as 0,1% is added
to a premixed flame, whereas it has 1little effect when
added to a diffusion flame (Gaydon and Wolfhard, 1960,
pP+187), = Studies on the variation of C, concentration
with addition of these gases would obviously be desireble
in order to invegtigate the role of 02 in the formation of
carbon particles.

One of the outstanding problems in combustion
today is the origin of chemi-ionizatiqn and chemi-~-excitation
processes occurring in organic flames, A number of
mechanismg has been proposed, but there is insufficient
experimental evidence to check their validity becauge
detailed radical concentration profiles are lacking, It
would seem that the apparatus developed in this thesis is
very suitable for such measurements on low—pressgre flames

where the reaction zones may be a few cms, thick,
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Finally, & number of improvements to the apparatus
‘are considered. The minimum amount of absorption that can
" be accurately measured is,; in practice, determined by the
stability of the background sources. Small movements of
the arc between the electrodes cause fluctuations in the
output intensity of a high-pressure arc lamp even though a
stabilised power supply is used. It is possible to
compensate for this effect by monitoring a fraction of the
output intensity and using electronicrcircuits to vary the
“current passing throggh the lamp so the intensity remains
effectively constant. A gimple device was recently
described by Schurer and Stoelhorst (1967) which should be
adaptable to absorption studies.

Better signal-to-noise ratios can be achieved if
high reflectivity‘mirrors are used for the multiple=-
reflection system. Since the advent of lasers, it has been
possible to obtain reflectivities of over 98%‘at any
specified wavelength in the visible or near u,v. regions,
The disadvantage of high-reflection coatings is that they
are applicable over only a narrow wavelength range and & set
of-different coated mirrgrs would be required to study
widely separated spectra.

For many investigations, it should be possible to
use tungsten~halogen filament lampsg which are inherently

more stable than high-pressure arcs., With scale-expansion
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facilities on the recorder output, it should be possible

to measure absorption levels of about 0,1%,
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APPENDIX 1.

Rotational line strengths of 02 owan bands.

The Swan bands are due to ?n'—sTTtransition and
the bands show onlj P and R branches. Both electronic
states approximate closely to Hund's case b coupling for J
values greater than about 20. Owing to the small spin
splitting cach line is a close triplet and for the purposes
of making temperature measurements from the rotational
intensity distribution, a spectral resolution is employed
which is insufficient to resolve the triplet structure.

In such cases where the multiplet structure is
ignored and the lines are treated as‘singlets, it is more
useful to describe the lines by the number K, the
rotational quantum number apart from spin-

kK =N\, A+1, A+2, ....
and the possible values of J for a given K are
J=XK+8S, K+8-1, K+8=-2, .... [K-8{

At the same time the rotational line strength,
SK"K" is generally assumed to be equal‘to the sum of the
line strengths c¢f the 25 + 1 components, It is difficult
to find Jjustifications for this assumption in order to
check its generel validity and therefore the following
explanation is given.

Consider & rotational line (J", J') in an

electronic band system e.g. C, T - 3T
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The absorption intensity of the line I?E?, may be written

I?R?! = C SJnJr exp [ “an;413?+l)y/kTRn ] (A.1)

where C is a constant for a given band (neglecting the
slight V dependence) and the D, contribution to the
rotational energy has been neglected.
For a P branch line, £5J = J' - J" = -1, and for
an R branch line AJ = +1.
| If the lines each consist of closely separated

triplets the total ebsorption intensity may be written

b R12 R .
Tgngr = EIIERS = Rhpp o+ R, + ML (a2)
for the unresolved line (R(X"), and
b P12 P p) .
I%n%n = 1 BIEES = Pl IJH+1 + F IJu + PBIJn_l (4.3)

' for the unresolved line P(K").
Using equations (A,1) and (A.2) we obtain

RlI&bs‘ — CRlsJ||+1 exp [_,,Bv"(Jn_,_l)(Jn+2)/kTR" ]

Jh+1 T
R2.2b - R2
I50° = €85y exp [-Biy J" (3"+1)/kTp, ]
R R
31?2?1 = G BSJu_l exp [‘an(Ju‘l) J"/kTRn ]
ang B123 12bs /g
R1
= sJu+1 + RQSJH + RBSJn_l) exp ['BVHJ"(J"+1)/kTRn]
2J"B '
+ v R - R1 '
kTRh ( BSJn_l - SJn+1) eXP[‘anJ"(J"+1)/kTRu]
Jqu" 2 : .
+ (O) "'E‘T“" + R (Ac4)

Ril



158,

Assuming the 2nd term and higher terms are negligible we

obtain
RlzBIIE{LES = RII%ES = CRSKH exp [-BV"K"(K"'i'l )/kTRn‘ 1 (a.5)
where RSK" = RlSJ,,+1'+ stJ" + R3SJ,,_1 (4.6)

and K" equals the J" value of the R 2 line. ]

A similar result holds for the P branch lines.,
Thus equations_(A.S) and (A.6) are valid if the 1st term
in equation (A.4) predominetes. This will always be the
cage at high temperatures as illustrated below.

Taking the R123 (K"=50) of the C, (0,0) Swen band

as an example and assuming Ty, = 3000°K and Bonﬁijd6, we
find .
ZJ“BV" ~ 2 x50 x 1,6 5 10_2
Klp, 0.7 x 3000 x
R3 R1 ~ _
Sguag = Sjuyy T 48 - 52 =4
RlSJ"+1 + RZSJH + RBSJn_i = 3 x 51 = 153
(see below) '
.. 2nd term/lst term & 0,32/153 o 2 x 1077

and higher terms are of the order (0.08)2.
Budo (1937) has ealculated line strengths for
3TT - 3TT transitions and the relevant values for Hund's

case b coupling are given below.
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Line Line strength Sgyy;,
e
ey et ey

B T e
mon A )
R2(J") JZZ.,ii;iz)z

RS(J") (I"+1) (‘J"+'3) (2J"+1)

(J"+2) (2J"+3)

R

The 1line styengths SK“ and PSK" are calculated using

equation (A.6) and we obtain

B8 n 2 3K (K+2)/(K"+1) .
(A.7)

P

Sy 2 .B(K"-—l) (X"+1)/K"

K
For large values of K the line strengths reduce to

RS = 3(K"41)

(A . 8)
S S— BK"
KH

and
Budo defined his SJ"J, values to be equal to the
rotational transition probability times the statistical

weight, and on this basis,
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?, Sjugr = 23" +1 :
| (A.9)
and % Syign = 27" +1

In the present work, it is more useful to
normelise the line strengths over all possible K values,
giving,

X! SKnKt = 2K' +1 .
(4.10)

S 2K 4+ 1

kv Sgrgr T

Thus, it is.necessary_to divide the line strengths
given by equations (A,7) and (A,8) by the factor 28+1(=5)
for them to be consistent wifh eqﬁation (A,10), ‘This
gives, for K values greater than 25,

R

S " + 1

i

I{!l -
(4,11)

SKH = K"
the error being less than 1%,
N,B, the rotational partition function, Qrot’ is

normalised in an analogous manner;
Qot = %‘ (2K+1) exp (~Ey/kTy)

3kTy

By

Ay kIp

’ not

#
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APPENDIX 2,

DATA FOR DETERMINATION OF ROTATIONAL AND VIBRATIONAL

TEMPERATURES OF Cs.

TABLE A.1. (Fig.16) P brench, Ty, = 3350°K,

Experimental details: 2 R/min. scan, 10~ slits,
¢/0 = 1,18, 2 mm. above tip of reaction zone,

transition I Sgign I/SK,K" loglO(I/SK,K") K'(K'+1)
P(K") arbitrary arbitrary
units units

26 37 . 26 1.42 1.15 650
27 36.5 27 1435 ' 1,13 702
28 40.5 28 1.45 1,16 756
29 3645 29 1,26 1,10 812
30 36 . 30 1,20 1,08 870
31 38,5 31 1424 1,09 930
32 38 32 1,19 1.08 992
40 30. 40 7.5 0.88 1560
41 29,5 41 7.2 0.86 1640
42 28 42 6.7 0.82 1722
43 27 4% 6.3 0.80 1806
44 25.5 44 5.8 0,76 1892
45 25. 45 5.5 0.74 1980
46 23.5 46 5.1 0.71 2070
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TABLE 4.2 (Fig.16). R branch, T, = 3350°K.
Experimental details: As Table A,1,

transition I Sgrign  I/Sgign 108y o(I/Spgn) K'(K'+1)
R(K") arbitrary arbitrary
units units

38 - 28, 39 7.2 0.86 1560
39 27.5 40 6.9 0.84 1640
20 30 41 7.3 0,86 1722
41 27 42 6.4 0,81 1806
42 25 43 5.8 0.77 1892
43 25 44 57 0.76 1980
44 23,5 45 5.2 0.72 2070
45 23. 47 5.0 0.70 2162
47 22,5 48 4.7 0.67 2352
48 21 49 4.3 0.64 2450
49 19 50 3.8 0.58 2550
51 16 52 3.1 0.49 2756
52 15 53 2.9 0.46 2862
53 15 54 2,8 0.44 2970
54 14 . 55 2,6 0.41 3080
56 12,5 57 2.2 0.35 3306
57 11.5 . 58 2.0 0.30 3422
58 10 59 1,7 0.23 3540
59 11 60 1.8 0.26 3660
60 9 61 1.5 0.17 . 3782

61 9 62 1.4 0.16 5906
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TABIE A.3. (Fig.17). P branch, Tp, = 5000°K.
0]
Experimental details: 2 A/min., scan, 10 pr slits,

¢/0 = 0.90, Tip of reaction zone.

transition I Sgngr I/ Spng 1og10(1/sK"K,) Kt (K'+1)
P(x") arbitrary arbitrary
units units

26 5.1 26 19.4 1,29 650
27 5.1 27 18,9 1,28 702
28 5.5 28 19,6 1.29 756
29 5.4 29 18.8 1.27 812
30 5.3 30 17,5 1.24 870
31 5.7 31 18,4 1.26 930 -
32 5.6 32 17.4 1.24 992
40 5.1 40 12.8 1.11 1560
41 5.2 41 12.6 1.10 1640
42 4.9 42 11.6 1,06 1722
43 5.1 43 11,7 1,07 . 1806
44 4,8 44 10.8 1,03 1892
45 4.7 45 10.6 1,02 1980
46 4.6 46 9.9 1,00 2070
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TABIE A.4. (Fig.17) R branch, Tp, = 5150°K,

Experimental details: 5 X/min. scan, otherwise as Table A.3,

transition I Sgign I/SK'K" loglo(I/SK,K") K (K'+1)

R(K")  arbitrary
units

38 42 39 10.8 1.04 1560
39 43 40 10.7 1,03 1640
41 44 42 10.5 1,02 1806
42 41. 43 9,6 0.98 1892
43 40.5 44 9.2 0.97 1980
44 39 45 8.7 0,94 2070
45 40. 46 8.7 0.94 2162
47 3845 48 8.0 0.91 2352
48 375 49 T.7 0.89 2450
49 35 50 ' 7.0 0.85 2550
51 31 52 6.0 0.78 2756
52 28 53 5.3 0.73 2862
53 30 54 5.6 0.75 2970
54 28 55 5.1 0.71 3080
56 27 57 4.8 0.68 3306
57 26 58 4.5 0,66 34.22
58 24 59 4.1 0.61 3540
59 27 60 4.5 0.66 3660
60 23 61 3.8 0.58 3782
61 22.5 62 3.6 0.56 3906
64 19.5 65 340 0.48 4290
65 19.5 66 3.0 0.47 4420
66 20 67 3.0 0.47 4556
67 18 68 2.7 0.43 4692
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TABLE A.5. (Pig.18). P branch, T,, = 4800°K.

R"
Experimental details: 5 X/min. scan, 10 (A slits,

C/0 = 0,94, Tip of reaction zone.

transition ol K Logyo( 4/ Spugy) KM (K+1)
P(K") ;[(IO'I)/IOJ SK"KI SKHKI ‘
x10° x10°
25 5.7 25 2.28 3.36 650
26 5.6 26 2.14 3.33 702
27 5.2 27 1.93 3.28 756
28 5.9 28 2.10 3.32 812
29 549 29 2,03 3.31 870
30 6.0 30 2.00 3.30 930
31 5.9 31 1.90 3.28 992
32 5.9 32 . 1.85 3.27 1056
40 5.5 A0 1.38 3,14 1640
41 5.5 41 1.34 513 1722
42 5,5 42 1.30 3,11 1806
43 5.4 43 1,27 3.10 1892
44 5.1 44 1.15 3.06 1980
45 5.0 45 1.12 3.05 2070
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TABIE 4.6. (Fig.19) P branch, Tp, = 3550°K.
o
Experimental details: 2 A/min. scan, 10 (A slits,
c/0 = 1.18, 2 mm, above tip of

reaction zone,

transition A= Sgug Affi loglo(ﬁ(/SK”K,)K"(K"+1)
P(K" ) [ (IO"’I )/Io Jp SK"K’ '
xlO2 xlo3

25 11,5 25 4 .60 3,66 650
26 11,5 26 4.40 3.64 702
27 11.4 27 4.25 3.63 756
28 11.8 28 4,20 3,62 812
29 11,1 29 3.81 3.58 870
30 10.9 30 3,62 3.56 930
31 12,0 31 3.87 3.59 992
32 11,2 32 3.50 3,54 1056
40 9.3 40 2.33 3.37 1640
41 9.0 41 2,20 3,34 1722
42 8.8 42 2,08 3.32 1806
43 9.0 43 - 2.09 3.32 1892
44 8.6 44 1.95 3.29 1980
45 8.4 45 1.87 3.27 2070
46 8.0 46 1.74 3.24 2162



TABLE A.7. (Fig. 21)
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. . o N0
Vibrational temperature T , = 3400 K(Av,v,,), 3300 K(A'v,v,,)

Experimental details: Sx/min scan, 30,& slits, C/O = 1,18

2mm, above tip of reaction zone

Transition
(vl’ V") 1-0 2-1 - 3=2 53
(-1 /1))ena | 9.25x10™2 2.2x1072 | 4.0x107% | " 3.2x1072
= ot | | -
A e 0,240 0.372 0.425 © 0.451
Ay 0.358 0.525 0.718 0.952
/A o 38, 6210”2 19.3x1072 | 9.4x1072 | 7.2x1072
X/, 25,8210™2 13,7x207% | 5.6x1072 | 3.4x1072
log, o (OQ/AV,V,,) 1.59 1.29 2.97 3,86
o
Zog), (4% 4 ) T.41 1.14 3.75 5,53
B (en ) L 818 2436 4030 5600
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TABLE A.8. (Fig. 22)

. . o o
Vibrational temperature T_, = 3800 K(Av'v")’ 3600 K(A'V

)

Experimental details: 108/min scan, 50p.slits, /0 = 1.18
’ {v‘- ’

lvll

2mm. above tip of reaction zone

Transition
(v', v") 1-0 2-1 3-2 | 43
S
Iheadarb' units 56 45. 28 25
Aqgn 0.240 0.372 0.425 0.451
A yn 0.358 0.525 | 0.718 0.952
Ih'/Av,v,, 23.3 12.1 | 6.6 5.5
Ih/A'v,v,, 15.6 8.6 3.9 2,6
ldglO(Ih/Av'v") 1.37 1.08 0.82 0.74
1og10(1h/A-v,v,,) 1.19 0.93 0.59 0.41
Epr (o™l 2645 4348 6057 7715
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TABLE 4.,9. (Fig. 23)

. . o 0
Vibrational temperature T_, = 7800 K(Av,v“), 6500 K(A'v,v")
Experimental deitgils: lﬂ&ﬁmin scan, 50rleits, C/0 = 0.90

2mm. below tip of reaction zone

Tii?fijign 1-0 2-1 3-2 B
— 1

L ead arb. units 58 59 53 50
A ygu 0.240 0.372 0.425 0.451
Ay 0,358 0.525 - | 0.718 6.952
;h/Av,v" 24,2 15.9 | 12,5 11.1
Ih/A'v,v“ 16.2 11.2 | 7.4 5.3
loglO(Ih/Av,v“) 1.39 1.20 1,20 | 1,05
1og, (T, /A" 4 n) 1.21 1.05 0.87 0.72
Eor (ex?) 2645 L5348 6057 7715




STUDY OF THE ABSORPTION SPECTRA OF
FREE RADICALS IN FLAMES

P. F. JESSEN AND A. G. GAYDON

Department of Chemical Engineering and Chemical Technology, Imperial College, London, S.W.7

A modified multiple reflection system in which the image of the source is focused into the flame instead of on to
the mirror surfaces has been developed. It reduces troubles due to defocusing of the light beam by refractive index
gradients in the flame and gives better spatial resolution. The Swan bands of C, and the 4050 A C; band have been
observed in the ‘feather’ of a rich oxy-acetylene flame, and all three systems of CH, as well as C, in the reaction zone.

Introduction

THE characteristic band spectra of the free
radicals CH, OH and C, are prominent features
in the emission spectrum of all hydrocarbon
flames. Investigations of the occurrence of these
spectra in flames under different conditions have
led to a better understanding of the types of
combustion occurring and the existence or
otherwise of temperature equilibrium, but by
themselves provide only limited information
about the chemical kinetics of combustion. In
emission, the intensity of a band system is
determined by the temperature and conditions
of chemiluminescent excitation as much as by
the concentration of the radical itself, and is
furthermore a summation over different stages
of the reaction.

Absorption spectroscopy has the great ad-
vantage that it gives information about the
concentrations of species in the lower electronic
state. However, its obvious theoretical advan-
tages are subject to severe experimental limi-
tations which have greatly hampered the
exploitation of this technique for the study of
premixed flames. OH is the only radical which
lends itself readily to investigation by absorption
techniques because of its relatively high equili-
brium concentration in flames and concentration
profiles and studies of decay mechanisms have
been made® 3.

Many transient intermediate chemical species
are found only in or near the primary reaction
zone which is only a fraction of a millimetre

11

~

thick in hot flames, and is often curved. Even if
a flat reaction zone is achieved, by suitable
burner design, it is still necessary to restrict the
light to a narrow beam of very small angular
aperture, and this pencil of light tends to be
thrown out of the flame by refraction effects in
the high temperature gradients existing in the
reaction zone. Long pathlengths are necessary
to obtain appreciable absorption because the
concentrations of the absorbing species are
generally very low. For photographic detection
it is necessary to have a background source with
a higher brightness temperature than the ex-
citation temperature in the flame; this can be
appreciably higher than the equilibrium flame
temperature®.

The difficulties have been discussed by
Gaydon, Spokes and van Suchtelen®. They
studied low pressure oxy-acetylene flames and
were, for the first time in flames, able to detect
weak absorption in the (0,0) band of C, at
5165 A, and the 3143 A band of CH. They
employed a system of mirrors, first described by
White®, in which the light was reflected back and
forth several times through the flame to increase
the effective pathlength. : .

Although very compact and moderately casy
to adjust, this multiple reflection system of
White gives a wide light beam, and the conse-
quent poor spatial resolution greatly limits its
usefulness. Only thick reaction zones, such as
those of low pressure flames or near-limit flames,
can be studied, and even here the detailed flame
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structure cannot be resolved. The reason is that

the.light beam is focused on the surface of one .

of the mirrors and a fairly wide beam actually
passes through the flame. This nearly parallel
beam is also very subject to schlieren-type
deflections in the temperature gradients of the

- flame and these cause deterioration of the image
formation, limiting the number of traversals
which can be obtained.

We have employed a multiple reflection
system which focuses the light into the flame and
consequently has much better spatial resolution
and is less affected by refractive index gradients
than the White system.

Experimental

Apart from the burner and multiple reflection
.system, our apparatus is similar to that em-
ployed by Gaydon et al®. The background
source is a flashtube and the absorption spectra
are recorded photographically with a2 m grating
spectrograph giving a reciprocal dispersion of
5 A/mm. A synchronized rotating sector device
ensures that the slit of the spectrograph is
exposed only at the moment the flashtube is
triggered. Figure 1 shows a diagram of the
optical arrangement.

The multiple reflection system
The multiple reflection system consists essen-
tially of two spherical concave mirrors of equal

Spectrograph

Vol. 11
focal length, separated by a distance equal to
twice their radius of curvature (see Figure 2).
The centres of curvature of each mirror coincide
at the point O. A narrow beam of light is
brought to a focus at a point P which is laterally
displaced from O by a small distance dependent
on the number of traversals required. The beam
is refocused after reflection from mirror B, at a
point Q on the other side of the centre of
curvature an equal distance away. Further
images are formed at P and Q by successive
reflections from mirrors A and B respectively;
this results in the light beam moving round the
arc of the circle defined by the mirrors. For a
given angular aperture of the beam, the number
of reflections possible is determined by the
distance OP and the diameter of the mirrors.
The minimum length of OP, corresponding to
the maximum number of reflections, is set by the
angular aperture of the beam. Obviously it is
possible to increase the number of reflections by
increasing the size of the mirrors, but it should
be noted that the image formation deteriorates
with increasing number of reflections. Since we
are working slightly off the axis of the mirrors
and rays strike them obliquely, the system is
subject to all the aberrations associated with
spherical mirrors. Thus, after several reflections,
the images will become blurred and enlarged,
and the points P and Q increasingly less clearly
defined. We therefore have to make a com-

Reflection

Flashtube

FigurE: 1. Optical arcangement using a flashtube and
photographic detection
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FIGURE 2. Multiple reflection system—seven traversals

promise between the number of traversals and
the spatial resolution required when studying a
particular flame. o

Using four mirrors, each of 6 cm diameter and
10 cm radius of curvature, we found that up to
twelve reflections were possible without ad-
versely affecting the spatial resolution. With
mirrors of longer focal length and by employing
a light beam of still narrower aperture it should
be possible to increase this number further.

The burner

To take full advantage of the increased absorb-
ing pathlength offered by the system, two flames
must be used, or alternatively a single burner
can be employed having a diameter greater than
the distance PQ, e.g. a flat flame burner.

We were particularly interested in investi-
gating the luminous mantle or ‘feather’ sur-
. rounding the inner cone of a fuel-rich oxy-
acetylene flame burning at atmospheric pressure,
because appreciable concentrations of free radi-
cals are known to exist there over a volume
much larger than the reaction zone itself’.

Several types of burner were tried. The most
effective consisted of a pair of slot-type burners
(3 mm x 3/4 mm) placed at the image points
P and Q. The slot burners were built on to a
modified commercial welding torch to prevent
danger from flashback. The mirror system
inverts the images of one flame on to the other.
This prevents simultaneous study of an extended
zone of the flame, but does not interfere with the
step-by-step investigation of the absorption
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spectrum when a.point. source,. such as a
flashtube, is used as background. - ‘

The intensity of the background source is
reduced after each traversal due to reflection
losses. The resulting fall in brightness tempera-
ture can be calculated using Planck’s law’; it is
rather less serious at short wavelengths if a
uniform reflection coefficient is assumed, but in
practice the reflection coefficient of the mirrors
decreases rapidly in the ultra-violet and the
overall effect is a reduction of intensity at shorter
wavelengths. Reasonable exposures could be
obtained after twelve reflections with between
twenty five and one hundred and fifty flashes
depending on the type of plate and wavelength
region examined.

Results

C,

Weak C, absorption in the (0,0) band head at
5165 A was detected with nine traversals,
through the tip of the reaction zone of a fuel-rich -
flame. With thirteen traversals, the absorption
was strong enough to show up most of the band
heads and the rotational structure of the stronger
bands. Figure 3 shows a microphotometer trace
of the absorption spectrum in the 5165 A region ;
an emission spectrum is also presented for
comparison.

The C, absorption was strongest in the
reaction zone, with mixture ratios of about three
times stoichiometric, ie. C,H,: O, = 6:5. It
extended a few millimetres above the reaction
zone into the luminous mantle although the
intensity was reduced.

CH
CH absorption was observed in the reaction
zone of slightly leaner flames with thirteen
traversals. The three main -band systems at
4315 A, 3900 A and 3143 A were all detected
although the absorption was very weak in the .
4315 A and 3900 A systems. A microphotometer
trace of the 4315 A band is shown in'Figure 4.
No absorption was detected in the luminous
mantle above the inner cone. :

G,
We also detected weak absorption at 4050 A
just above the tip of the reaction zone, in flames
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Absorption

Ca 3I'I—:‘TI transition

51298 5165 &

A
[
I Emission
iJ
(1,1 (0,0)
head head

FIGURE 3. C, absorption spectrum
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I

CH 2a—?11 ransition

Figure: 4, CH absorption spectrum
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burning with mixture strengths between three
and four times stoichiometric. The absorption is
due to the C; radical which has a diffuse band
system in this wavelength region and can also
be observed in emission. Figure 5 shows a weak
but reproducible peak at 4051-5 A on top of the
background noise.

A OF FREE RADICALS IN FLAMES 15

flame using the White multiple reflection system.
They employed photoelectric recording of the
spectrum using phase-sensitive detection to dis-
criminate between the background continuum

and flame emission, and thus were able to use a

background source of lower brightness tem-
perature, namely a high pressure mercury lamp.

40
40515 R C3 absorption
A
30 ) .
{1 7\
11 A P I I 1
A A% 1 A
71 A | N4 Y NP \ AT I S A W
r Vv I 1 { JT VL T\ I T\
| ] NI/ FT MINT AT 11/ 1
I | NJ MY ] I ERVIENA WL v
2002 ] 1Vl LY. ALV
c ‘Avi \Y/ d w
S \Y,
a
)
Eal
<
10
18
0
-«—Increasing A
FIGURE 5. C, absorption
Discussion The improved sensitivity gained in this way

Although several attempts have been made by a
number of workers in the past, we are aware of
only two previous reports of C, and CH ab-
sorption in flames. Gaydon et al.® studied an
oxy-acetylene flame at low pressure using an
effective pathlength of over 140 cm. They were
able to detect C, and CH absorption in the
reaction zone only at the (0,0) band head at
5165 A and the piled up Q branch at 3143 A
respectively.

Bleekrode and Nieuwpoort® also studied the
reaction zone of a low pressure oxy-acetylene

enabled them to detect the rotational structure
in the Swan bands of C, and weak absorption
in the 4315 A and 3900 A bands of CH. They
also estimated the concentrations of the C, and
CH radicals in the reaction zone to be 103 ¢cm ™3
and 102 ¢cm ™3 respectively.

There do not appear to be any previous
reports of C; absorption in flames but it has
been observed in absorption in the flash photo-
lysis of oxy-acetylene mixtures®, as also have
Cz and CH.

The presence of appreciable concentrations

2
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of C, and C; radicals in the luminous mantle
above the tip of the reaction zone of fuel-rich
flames is of interest in connection with the
mechanisms of .carbon formation in flames. The
mantle first becomes noticeable at mixture
strengths greater than about twice stoichio-
" metric, becoming whiter and extending farther
up the flame as the fuel supply is increased, until
it finally merges with the characteristic yellow
carbon luminosity at mixture strengths greater
than about four times stoichiometric.
*  Emission studies’ have revealed that the
region contains appreciable concentrations of
free radicals but departures from equilibrium
are not as great as in the reaction zone.

Free carbon atoms and the radicals C, and
C, have been postulated to act as nuclei for the
formation of soot particles in hot flames'®. We
are hoping to make some measurements of the
concentrations of these radicals as a function of
mixture strength and distance above the reaction
zone. As yet we have only been able to detect the
presence of carbon atoms by the emission line
at 2478 A. Improvements to the apparatus are
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being made which should increase the sensitivity
of detection and facilitate quantitative measure-
ments.

One of us (P.F.J) is indebted to the Gas =

Council for financial support.
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