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SUMMARY 

In the oxidation of carbon particles in fuel-rich flames of 

H,/0,/Nps the principal oxidant has been investigated, where a 

controversy lies in the literature. Light scattering technique 

is used in following the rate of disappearance of carbon particles. 

The theoretical background for both the light scattering 

technique and the nature of carbon particles in the flames is 

discussed. Measurements were made within the temperature limits 

of 1690 - 2170 K, where the limits are analysed together with the 

experimental procedure in the text. The apparatus used in the 

production and oxidation of such particles, together with the 

measuring system is described. 

The possible oxidants are most likely to be the oxygen atoms 

and the hydroxyl radicals. Considering their thermodynamic 

equilibrium values and the possible diseouilibrium excess, the 

experimental evidence strongly supports a predominant attack by 

hydroxyl radicals in the oxidation process of carbon particles 

in fuel rich flames.



PREFACE 

This thesis, which is being submitted for the Degree of 

Doctor of Philosophy in the University of Aston in Birmingham, 

is an account of the work done under the supervision of Professor 

F. M. Page, B.A., PheD., Sc-D., in the Department of Chemistry 

of the University of Aston in Birmingham from Jamiary 1972 to May 

1975. Except where references have been given in the text, the 

work described herein is original and has not been submitted for 

a degree at any other University.



We know accurately only 

when we know little; 

with knowledge doubt increases. 

Goethe
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CHAPTER 1 

1. INTRODUCTION 

Although we have a clear idea what is meant by a flame, 

no precise definition has been put forward. Flames can be 

cool, such as in cool ether flames, which is only a few hundred 

degrees K. They can be very hot, as in acetylene flames. 

They vary in luminosity. Although they are generally associated 

with oxidation, there are reactions such as between some halogens 

and hydrocarbons where no oxygen is involved. Additives to 

flames also have varying effects. For example some additives 

are known to increase the sooting of flames while others decrease 

the same property. 

The formation and oxidation of solid carbon particles in 

flames has been an area of great interest from both the industrial 

and academic point of view. Davy in the last century was one of 

the first to realise that carbon particles were the cause of 

luminous flames and made the following comment. "Whenever a 

flame is remarkably brilliant and dense, it may be always concluded 

that some solid matter is produced in it; on the contrary, when a 

flame is extremely feeble and transparent, it may be inferred 

that no solid is formed." Being the cause of flame luminosity, 

these carbon particles increase the flame emissivity. Their 

presence might therefore be desirable in some applications.



But if they stay in the media longer than might be desired, 

they tend to become a pollution problem and decrease the thermal 

efficiency of the combustion. 

Fenimore & Jones (1969) argued that if particles can be 

prevented growing beyond roughly 10 nm in diameter and from 

coagulating, they should ultimately be oxidised in the system 

and not escape as smoke. 

The purpose of this work is to make measurements on the 

oxidation of soot particles in flames and investigate the species 

involved in the oxidation process. Lee et al (1962) argued that 

Oo, molecules were the responsible species for the oxidation of 

carbon particles in laminer flames. Later Fenimore & Jones 

(1967) pointed out that an additional mechanism besides oxidation 

by 05 is important and favoured an oxidation by hydroxyl radicals. 

The experimental techniques of the both workers involved sampling 

from the flame and making the measurements outside the media. 

Methods for the analysis of carbon particles in flames as a tool 

in determining the oxidation process includes treatments such as 

optical and election microscopy, filtration, sedimentation, light 

scattering, etc. All the other methods but light scattering, 

are based on measurements made outside the flame by sampling, thus 

disturbing the system. Light scattering methods have the advan- 

tage of providing in situ measurements without significant pert— 

urbation.



This dissertation gives an account of the work done in 

the field of carbon particle oxidation in flames using laser 

scattering as a diagnostic tool. Chapter two deals with the 

theory of lisht scattering by particles, starting with Rayleich 

theory and generalising it to particle clouds. A survey of 

previous work about the use of the technique in flame studies 

is also included. Having established the theoretical back- 

ground for light scattering, the nature of carbon particles in 

flames is analysed in chapter three. Their formation and the 

possible routes including the proposed oxidation mechanisms is 

discussed in the same chapter together with the possible oxid- 

ants. Chapter four gives a detailed description of the appar- 

atus designed for the purpose and presents the basic experimental 

procedures that are carried out for the groundwork in the final 

analysis. The experimental techniaue adopted throughout the 

work is dealt with in chapter five together with the limitations 

involved. A kinetic analysis of the flame reactions is also 

given in the same chapter. Finally the results are analysed 

and discussed in chapter six with relevant theoretical approaches.



CHAPTER 2 

2. SCATT!RING OF LIGHT BY PARTICLES 

The attempts to account for the colour and the polarisation of sky- 

light initiated the development of a light scattering theory during the 

second half of the last century. In fact al-Hasan ibn al-Haytham, 

known to the Latin medieval writers by the name Alhazen, related the 

brightness of the sky to the reflection of the sunlight by the particles 

in the air, in early eleventh century, Sabra (1967). 

Rayleigh (1881) assumed that the variables which effect the scatter- 

ing are the volume V of the spherical particle, the distance R to the 

observation point, the wavelength » » and the indices of refraction of 

the particle and of the medium n, and Nye If the particles are non 

absorbing i.e. the refractive indices are not complex, and bearing in 

mind the fact that the scattered intensity I in proportional to the 

incident radiation Io» then, 

Ief (v»R, An) .n,) i (2-1) 

It is clear that £(V,R, An, 905) is dimensionless. ‘The energy is 

radiated in all directions hence the intensity must fall as 4/R?. 

The intensity is proportional to the square of the field. As the 

field of the dipole is proportional to the dipole moment, which is in_ 

turn proportional to the volume of the particle, the intensity should 

2 ° oe 5 ; vary as V. The refractive indices are themselves dimensionless, so 

whatever their functional dependence is, they will have no effect on the 

dimensional analysia. Hence the wavelength dependence can be given as,



T= £"(n,yn,) (v9/R° At) 1, (2-2) 

This dependence was applied by Rayleigh to explain the blue of the sky. 

The light which reaches the observer unless one is looking directly at 

the sun, has been scattered by dust particles or the molecules of the 

atmosphere. Since the wavelength of the visible light is much longer 

than the radius of these particles, the fourth power dependence on the 

wavelength is valid. And the short wavelengths in the sunlight is 

strongly scattered, relative to those near the red end of the spectrum. 

2.1 THE RAYLEIGH THEORY OF SCATTERING BY SMALL SPHERES 

The arguments of Rayleigh were based on a single spherical particle 

isolated from the medium and illuminated by a parallel beam oi lisht 

which is linearly polarised. For an incident wave of unit intensity, 

the intensity of the scattered wave is given by Stratton (1941) 

r= s6m4,® | n?-41]? sin? (2-3) 

R? nv a +2 

Where a is the radius of the sphere, R is the distance to the observation 

point, A is the wavelength in the medium, n is the relative refractive 

index (n/n), and y is the ancle measured from the scatterings direct- 

ion to the dipole. Fig. (II-1) 

Scattering is often accompanied by absorption. Both scattering ~ 

and absorption remove energy from a beam oi light passing throuch the



  

FIGURE II-1 RAYLEIGH SCATTERING 

GEOMETRY 

6, angle of observation; 
Incident wave travelling 
along positive z-axis; 
R,9,9, spherical coordinates



medium. Hence the beam is attenuated. This attenuation is called 

extinction. 

If the scattering particle is absorptive, it is characterised by a 

complex relative refractive index, m. When the absorption is small 

compared to the real part of the relative refractive index ea (2-3) 

can be expressed as, 

Te texte fine = 4 ec sin’ (2-4) 

RM m +2 

When the incident radiation is perpendicularly polarized with respect 

to the scattering, field and W= 90°, the scattered radiation will have 

an intensity 

  

Beats 
ZT) = 16Ria. (2-5) 

BeeAe n’ +2 

in the case when the polarisation is parallel to the scattering field, 

where Y= (1/2) -O, the scattered intensity will be 

qi = 16428 rs -1 a cos’ O (2-6) 

Rr? a4 n? + 2 

The Rayleigh scattering pattern is illustrated in Fig. (11-2). As the 

particle size increases compared with A the scattering pattern becomes 

irregular and forward scatte-ring dominates, and Ty (90) is no longer



incident 
beam 
  

  

  
270 

FIGURE II- 2 RAYLEIGH SCATTERING 

DIAGRAM



zero, this was shown by Olaf & Robock (1961), Fig, II-3) 

With the aid of ea. (2-5%6) an unpolarized incident wave can be 

resolved into two components, which are the parallel and perpendicular 

to the scattering field. Sinclair (1947), 

6 = I 4 2 2 2 = 1 Ps - 2- I oo pat et a n 4 (1 + Cos®) (2-7) 

2 2 2 
re Ne no +2 

  

When the particle volume dependence is introduced eq. (2-7) becomes, 

femeobcaye jue 1 @ (1 + cos*® ) (2-8) 

or? 4 né +2 

and in defining the particle size dependence of the scattered intensity 

a dimensionless size parameter x will be introduced, such that, 

etc (2-9) 

where a is the particle radius. 

The limit of x for which the Rayleigh equation is accepted to be 

valid in the literature is x €0.3. Van de Hulst (1957) lists the 

validity of various methods with respect to the size parameters. 

These limits depend strongly on the precision of the instruments and 

are somewhat arbitrary.



EO 

Scattering diagram for spheres with m=2.0-0.5i 
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201.1. SCATTERING CROSS SECTION AND EFFICIENCY 

The scattering cross section can be obtained by integrating eq. (2-3) 

over the surface of the sphere, and is the total energy scattered by 

a particle in all directions, 

6 2 2 
Ces = 128 m a Bie t (2-10) 

3 nv ne +2 

and has the dimensions of an area. A cross section for absorption 

may be defined similarly, both the scattering and absorption attenuate 

the beam and the total loss of power is extinction, as previously des— 

eribed. The extinction cross section is given by, 

ext Soca + Cabs (2-11) a i) 

The scattering efficiency is a function of the incident and 

scattered intensities and power. The scattering power is expressed 

by, 

sca sca ~O (2-12) 

A power for absorption can also be defined in a similar way. Follow- 

ing this argument an extinction power is defined in the same way as 

the extinction cross section, 

(2-13) 

The incident power depends on the incident intensity and the cross 

section of the particle, hence the efficiency of the scattering pro-
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cess can be expressed by, 

  

  

Pscea =Csca_Io = Csca = Q.., (2-14) 

Po a’ 1 Io Ta” 

4.4 2 2 
Qe coats a Dea! (2-15) 

3 vO nt + 2 

oe can (2-16) 
  

The same relation as in the extinction cross section and the extinction 

ower can be introduced for the extinction efficiency 

oO 

ext = %ca * “abs (2-17) 

2.2. GENERALISATION OF RAYLEIGH SCATTERING TO PARTICLE CLOUDS 

The previous expressions were based on the argument that the 

scattering is from a single particle. Those results can be 

generalised to clouds of particles, with the following assump- 

tions: 

14. Each individual particle behaves as a single particle 

and unaware of the others. For this a distance of three part-



Ae 

icle radius between the particles is sufficient. Van de Hulst(1957) 

2. There is no multiple scattering. 

3. Particles are randomly positioned. And there is no interfer- 

ance between the light scattered by different particles. Under 

these conditions the scattering intensities for each particle can 

be added. 

In a random distribution of identical particles the scattering 

is incoherent. Following the above assumption the total intensity 

scattered is the sum of the effect from each particle, Kerker(1969). 

From ea-(2-6) for N particles per unit volume, the intensity scatt- 

ered per unit volume is 

6 | 2 2 2 
IN = ene*e® Jn? - 1[° (1 + cos) (2-18) 

R? nn ne + 2 

In terms of the total volume of scatterers, the scattered intensity 

dependence was expressed in eq, (2-8) , 

where V is the volume of the particle. Hence the total energy 

scattered by a cloud of particles is proportional to the volume of 

each particle. 

203. GENERAL THEORY OF LIGHT SCATTERING 

In the previous section Rayleigh scattering was discussed, 

which was valid for particles that are small compared to the



a4 Aes 

wavelength. For very large particles => 10 scattering is con- 

sidered in terms of geometrical optics and as a combination of 

reflection, refraction and diffraction. For intermediate part- 

icle sizes the scattering is found from wave theory. The solu- 

tions for spherical particles was derived by Mie (1908). And 

in terms of perpendicular (S,) and parallel (s,) scattering 

functions, where 

-] 

8, -> ante { a, fo a ay (2-19) 
n=1 n(n + 1) 

0 

8S = > ene {2,2 +t Pal (2-20) 

n=1 n(n + 1) 

the intensities of scattering are given by 

  

2 2 2 2 1 A | =| te |s2| (2-21) 

R 4 R* qr 

The coefficients ay and by are functions of particle size and 

refractive index. They are tabulated, Lowan (1948). It is 

also possible to calculate them from Aden's (1951) recurrance 

relations. on and », are the angular functions and expressed 

in terms of a Legendre polynomial. 

Scattering and extinction cross sections and efficiencies have



=a 5= 

been evaluated by Mie (1908) following the above arguments, and 

are given by, 

co 

wea = (APRS (ens nf 
n=1 

°c} 

xt = CAPO > + 1) {Re (a, 
n= 1 

oo 

‘sca, (2/ 2) 5 +1) {Lesl? 

n=1 

so 

(2/ x") oy (2n + 1) fe (a, 

n=1 

Different ways of evaluating Cot are given by Van de Hulst (1949) 

   

aQ
 t 

  
a 

n 
- |», *} (2-22) 

a " <e b,) } (2-23) 

Oo
 t + 

[al a A228) 

ext - vy) (225) 

and Jones (1955). 

2.4. THE USE OF LIGHT SCATTERING IN FLAME STUDIES 

The general use of light scattering techniques in flame 

studies were in the field of particle size determination, and the 

particle concentration measurements. Size distribution had also 

been a field of major interest. 

Soot ,being an important flame particle, received much



—aitGas 

attention in the application of this technique. Erickson et. al 

(1964) developed a light scattering method for determining the 

soot particle size and concentration in flames. They have mea— 

sured the relative scattering intensities for both the perpendic- 

ular and parallel polarisation components at a mumber of angular 

positions. These results were compared with theoretical curves 

which were calculated from general scattering theory for 

m = 1.71 - 0.76i, Stull & Plass (1960), and for different values 

of the size parameter x. From the best fit of the scattering 

pattern with the theoretical curves the particle size was deter— 

mined. Their initial assumption was that the system of particles 

was monodisperse. A dispersion is said to be monodisperse when 

all of the particles are of the same size. Erickson's monodis- 

Perse assumption did not fit the theoretical curves well, espec- 

dally at~90°, But with the bidisperse approach of about 1%, 

by mass, agglomerates and the rest having a particle diameter of 

25 nm, they get a better agreement with the theory. The agglo- 

merates were assumed to be in the form of equivalent spheres of 

185 nm in diameter. Their result was the product of combining 

electron microscopy and light scattering measurements. 

Kunugi & Jinno (1967) used a different approach. Their 

refractive index value was not calculated from the dispersion 

relations of Stull & Plass (1960) as done by Erickson et al 

(1964) but from Sen-fleben & Benedict (1917). The value was, 

m= 1.91 — 0.675i. Soot particle diameters were rather large



17 — 

and lie between 120 -200 nm. They didn't take the agglomer- 

ation into account but concluded that since the scattering 

intensity is proportional to a®, where d is the particle 

diameter, the li ht scattering method discriminates against 

small particles and gives only the longer ones, which scatter 

more effectively. Initial approach by Kunugi & Jinno was by 

measuring the scattered intensity from a suspensoid with a 

known size and concentration then relating the light scatter- 

ing measurements from flames to the suspensoids of polystyrene 

particles. 

Electron micrographs of soot particles in flames show agg- 

lomerates of various sizes, Place & Weinberg (1967). Although 

sampling from the flame disturbs the system and may be respons— 

ible for some of the agglomerate formation, it cannot account 

for the existance of all the agglomerates. Following this arg- 

ument and the wide range of particle sizes as shown by the prev- 

ious workers it can be concluded that the assumption of the agg- 

lomeration of soot particles in flames cannot be rejected. 

Contrary to the fact that Millikan (1962) argued that the part- 

icles are unagglomerated in the flame, Dalzell, et al (1970) 

developed acluster model for the scattering particles, follow- 

ing the bidisperse model of Erickson, et al and the monodisperse 

model of Kunugi & Jinno. It is important to bear in mind the 

fact that Mie theory does not apply to agglomerates, but rather 

+o homogeneous spheres. Dalzel et al developed the model by
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combining the theory for clusters of point scatterers and each 

point scatterer was assumed to be located at the centre of a 

spherical soot particle 35 nm in diameter. It was also assumed 

that the cluster would have an end-to end length. Their final 

approach was again by plotting the theoretically predicted sca- 

ttered intensities vs the scattering angle 8 for several values 

of cluster length to wavelength ratios, and compare these with 

the experimental curves. The refractive index of each point 

scatterer was assumed to be 1 (m~1). They found the aver- 

age end-to-end length of the cluster as 370 nm, and the ratio of 

4.3 x One of number of clusters to small particles, in a propane 

air flame. 

2.4.1 DISTRIBUTION OF SIZE IN SCATTERING MEASUREMENTS 

Ericksonts bimodal and Kunugi's monodisperse approach, leads 

to the problem of determining the particle size distribution by 

light scattering where the spheres in the medium are no longer 

of nearly the same size. The main objective of such an invest- 

igation is the determination of the distribution function, such 

that 

a +ha 

P(a) = p (a) da (2-26) 

where p (a) is the distribution function, and P (a) would be



the fraction of particles with radius a(a+Ma). The normal 

distribution function given by Hald (1962) is, 

1 (a - a)* 
po(a)i =e exp | = (2-27) 

(2n)?o 26° 

where a and 6 are the average and standard deviation. Here 

the exponential factor in the function describes a Gaussian dis-— 

tribution. For a higher precision a log - normal distribution 

can also be used, Kerker (1969),which would eliminate the possib- 

ility of 'a' having negative values. Espencheid et al (1964) 

described a different distribution function, the ZOID, zeroth 

order logarithmic function. And given by, 

2 

p(a) = |_ {tee tee) | / (om)? 6, 5, exofoy’/2} 
exp 

2 (2-28) 2.6; 0 

The ZOLD is defined by a, which is the modal value of ‘a 

and o> the breadh diameter. Values of an and 6, are derived 

from the experiments by a method of trial - error. The scattered 

intensities should be calculated from the Mie theory for various 

values of x and assuming an and 6 the calculated intensities 

are compared with the experimental values. Hence determining 

the modal value and the breadh diameter for the distribution 

function.
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2.5. SCATTZRING BY NON - SPHERICAL PARTICLES 

Scattering of light by particles that are spherical or 

there is an equivalent sphere, was discussed in the previous 

sections. In practice these particles are generally non 

spherical or in form of agglomerates. These agglomerates 

are generally in chains and there is an extension in one dim- 

ension, Dalzel et al (1970). One approach in modelling these 

particles is the assumption of prolate spherdids,That is, the 

agglomerate has an elliptical cross section on one axis and a 

circular one on the other. Rayleigh theory can be applied to 

these elongated particles, van de Hulst (1957). In fact an 

explicit solution for the scattering coefficients has only 

been obtained for the special case of prolate spheroids. In 

principle scattering of electromagnetic waves by an ellipsoid 

of arbitrary size and optical properties can be solved exactly, 

using the method of separation of the variable. The classical 

method would be by formulating them in ellipsoidal coordinates 

and expressing the solutions of wave equation in terms of 

ellipsoidal harmonies. (Whittaker & Watson 1947). 

The scattering and absorption cross sections for ellipsoids 

are given by Gans (1912) 

sca c., = (87 p+) ef cle wecxty?| (2-29)



ae S 

abs 

i . a“ a“ 
c = (2Tv/r)|L Sin) + 2L ong | (2-30) 

’ a 
Where L and L are functions of refractive index and ecc- 

i a“ 

entricity. The phase functions Y and Y appear when- 

ever the refractive indices are complex. 

The effect of elongation on scattering cross section 

was studies by Atlas et al (1953) for water and the particles 

at microwave wavelengths. Their results showed that elonga- 

tion increases the scattering significantly. Jones (1972) 

carried out similar calculations on absorption cross sections 

for soot particles at wavelengths of {and D fem and showed the 

significant increases in absorption cross sections as a result 

of elongation. And concluded that if absorptivity of such a 

system is used to estimate the particle concentration assuming 

that they are spherical, the concentration might be overesti- 

mated.



moo = 

CHAPTER 3. 

3. CARBON PARTICLES IN FLAMES 

In flames where the oxidant is present in excess of the 

amount necessary to convert all the carbon to carbon monoxide, 

carbon would not be expected to be formed. However in pract— 

ice this is not the case. Carbon formation can be observed 

in mixtures that are considerably less rich than the amount 

necessary to liberate carbon in equilibrium conditions. Street 

& Thomas (1955), Fenimore Jones & Moore (1957). For fuels 

such as methane, ethane, propane, butane carbon formation was 

observed well before the rich limit, whereas they would not be 

expected to be formed even at the limit. 

Carbon samples collected from flames generally show big 

agglomerates as well as single particles. These agglomerates 

can be 200 nm in size,whereas the single perticles are around 

25 nm in diameter. The fundamental problem in understanding 

the nature of these particles is the mechanism whereby simple 

fuel molecules are converted to large agglomerates so rapidly. 

321. CARBON FORMATION IN FLAMES 

A precise definition on how the carbon particles are formed 

in flames has not yet been established. The subject has been
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treated extensively by Paluer & Cullis (1965), Homann & Wagner 

(1968), Gaydon & Wolfhard (1970), Minkoff & Tipper (1962) ana 

Fenimore (1964). 

The various factors that affect and control the formation 

of these particles in flames usually have opposite effects on 

diffusion and on premixed flames. Unfortunately most of 

the early workers did not specify the type of flames used. 

In a sooting flame c/a ratio in the fuel is an important 

factor in determining the carbon formation, the structure of 

the fuel molecule is another contributor. It was shown by 

Clarke Hunter & Garner(1946) that unsaturation and branching 

of the fuel molecules increases the amount of carbon liberated 

as soot. In general the tendency to soot seems to increase 

with compactness. The simplest qualitative test for carbon 

formation is the flame luminosity but this property is also dep- 

endent on the temperature. Carbon formation varies from fuel 

to fuel. Following Behren (1952), Homann & Wagner (1968) has 

grouped the flames into two types: 

(i.) acetylene type; where carbon is formed throughout 

the outer cone 

(ii.) benzene type; in which carbon is formed at the tip 

of the inner cone. 

On the whole high pressure seems to favour soot formation
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while low pressure supresses it. Smith (1940) has carried 

the pressure effect experiments in ethylene flames. Mac= 

farlene, iiolderness & Whitcher (1964) studied various hydro- 

earbon fuels at pressures up to 20 atm using turbulant and 

laminar flames. Tney concluded that heat losses to the 
consequent 

curner depended on pressure ,and{ changes in flame temperature 

could effect the carbon formation, since they reported that 

there was practically no increase in soot with rising press- 

ure. Parker & Wolfhard (1950) also studied the pressure eff- 

ects with acetylene - air mixtures, at pressures of 25 mmHg 

they found no carbon formation, but as the pressure was raised 

a luminous zone appeared near the centre of the flame and grad- 

ually increasing in size. At a pressure of 180 mmHg visible 

soot formation occured. Fenimore Jones & Moore (1957) argued 

that the higher the pressure, the greater is the o/c ratio 

needed to suppress carbon formation. 

The effects of temperature change on the soot formation 

is more complex. In very rich flames it may increase the form- 

ation while at the rich limit it suppresses the same property. 

Street & Thomas (1955), Millikan (1962), Homann & Wagner (1968). 

Formation of carbon in flames is not only determined by 

equilibrium conditions. Additives also have different effects 

on the phenomena. Gaydon & Whittingham (1947) showed that by 

adding 0. 1yo 50, to the air supply of a fully aerated bunsen
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burner, using town gas, causes the flame to show strong carbon 

luminosity. Later Fenimore Jones & Moore (1957) found a 40% 

increase in carbon by adding 0.2% 50, to premixed isobutane/air 

mixture. While increasing carbon formation in premixed flames 

SO, plays a different role in the diffusion case. Wolfhard & 
o 

Parker (1950) showed that SO, actually reduces the carbon form- 
3 

ation in diffusion flames. Street & Thomas (1955) discussed 

the effect of Ny and found that it increases the carbon form- 

ation in kerosene or benzene premixed flames but it has the 

opposite effect on diffusion flames (Gaydon & Wolfhard 1970), 

this probably is a temperature effect. The process of sooting 

can be stopped in methane diffusion flames with the addition of 

45% CO, Arthur (1950). 

Application of electric fields also effects the formation 

of carbon particles in flames. Payne & Weinberg (1959), Wein- 

berg (1968) studied this phenomena in detail. Under fairly str- 

ong electric fields of either sign the soot production is reduced 

in a counter flow diffusion flame of CoH, + Ny and 05 + Ny Wein- 

berg (1968). There was also a reduction in particle size. On 

applying a strong electric field they found that the particle 

sizes were reduced to 10 nm from 110 nm. Size measurements 

were made from electron micrographs. 

The complex behaviour in the formation of carbon particles 

in flames leads to an argument where all the above mentioned
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factors such as the effect of temperature, pressure, etc 

should be included in modelling this behaviour. A treatment 

of this kind is beyond the scope of this work and will not be 

considered here. 

Behaviour of carbon particles in flames can be analysed 

in the following sequence: 

(1) Nucleation 

(2) Coagulation and growth 

(3) Oxidation 

these factors will be discussed in the following sections. 

With a greater emphasis on the oxidation process which is the 

main concern of this study. 

3.2. NUCLEATION AND GROWTH OF CARBON PARTICLES IN FLAM 

A true mathematical theory on the nucleation process has 

not yet been developed. As in the formation process, nucle- 

ation also remains obscure kinetically. When a hydrocarbon 

vapour is passed through a hot tube, carbon is formed on the 

surface and once this initial surface is established its grow- 

th continues. But the exact route of this procedure is uncer- 

tain. Gill (1958) gave an account of various 

theories on this procedure. Some of the theories mentioned 

are applicable to nucleation where others to growth processes. 

Smith (1940) suggested Cy polymerisation to solid carbon, and 

argued that this might account for the carbon formation. How-
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ever in cyanogen/oxygen flames where cy radiation is very high 

as observed by Gaydon & Wolfhard (1970) solid carbon is not for- 

med, and in most flames C, concentration is very low. It seems 
2 

unlikely that this polymerisation process has a role in carbon 

formation, but it is possible that C, acts as a nuclei, Fairbarn 
2 

& Gaydon (1955). Tesner (1959) has considered the growth of 

carbon particles from nuclei which were not specified. He 

argued that the rate of temperature rise in the system is pri- 

marily responsible for the number of nuclei formed. He stud- 

ied the phenomena in a hydrocarbon flowing furnace and followed 

the growth of individual particle with electron micrographs. 

He argued that growth occurs by actual decomposition on the 

nuclei and there is no intermediary polymerisation route. Place 

& Weinberg (1967) studied the effect of positive ions on nuclea- 

tion and concluded that tnese may act as nuclei, the ions do not 

even have to be organic origin, Cs ion also caused nucleation. 

Their argument was supported by Miller (1967), Jensen (1973) made 

a modelling approach in soot formation in liquid propelled rocket 

motors using isopropyl nitrate and favoured Coy CoH or c, as in- 

itial nucleus and CoH, as the growth species confirming Tesner, 

Snegiriova & Knorre (1971). 

Growth prccess in a premixed CoHy - 0, flame is studied by 

Homann & Wagner (1968). They showed from electron micrographs 

that there is an intermediate phase in the carbon formation where 

particles with small diameters react with each other to form lar- 

ger particles. This process was different from the later phase
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where particles of w20nm and larger agglomerates form chains 

Soot growth is a very complex process. A correlation re- 

lating the growth to temperature, pressure and fuel concentra- 

tion with fuel/oxidant ratio is needed in practice. Datschefshi 

(1962) studied the soot formation in very rich propane-air flames, 

this technique was extended to soot formation from methane by 

Narasimhan & Foster (1965). They derived a growth rate, 

which was based on the model where growth occured by direct de- 

composition on particle surface, and given by 

2/5 Vv, 

acfat = A (c)  (N,) © (x/t%") exp (-u/nt) (3-1) 

where C is the soot mass concentration in mg-cm~>, Ny = particle 

. concentration in em » x is the mole fraction of CH, where A is 4 

a constant. Their data fit the expression well when E = 240 KJ. 

The various attempts in solving the carbon formation problem 

in flames as mentioned above were in searching for a formation 

mechanism as if it was unique. Instead of such an approach it 

might be a more constructive attempt if the relations in partic— 

ular carbon forming systems and the differences amongst those are 

considered.



303 OXIDATION OF CARBON PARTICLES IN FLAMES 

In combustion systems the carbon particles drive attention 

for various reasons. They can be observed in the exhaust of 

many internal combustion engines, especially in diesels. In 

the wake of jet aircrafts they appear as black smoke. Togeth- 

er with carbon monoxide, nitric oxide and unburnt hydrocarbons 

it is considered to be the main contributor to air pollution 

created by hydrocarbon fuels and discharged from the stacks of 

industrial plants. Oxidation of these particles and the mec- 

hanism of the process is also an important problem in fluidized 

bed reactors and fluidized bed boilers as far as the heat tran- 

sfer properties are concerned. Gas turbine engines also suffer 

from soot formation because of its contribution to radiant heat 

transfer to the combustion chamber walls, and the emissions in 

the exhaust. Soot formation in gas turbine engines has a neg— 

ligible effect in the specific fuel consumption in comparison 

with the heat transfer losses. Radcliffe & Appleton (1971). 

The design modifications in decreasing the exhaust visibility 

in such cases is discussed by Faitani (1968) and Sawyer (1970). 

For such applications it is desired that the carbon formed is 

also consumed in the medium. In order to check this possibil- 

ity an acceptable mechanism of oxidation properties must be 

established. Tu, Davis & Hottel (1934) studied the combustion 

rate of carbon spheres in flowing gas streams, under conditions 

in which both the rate of diffusion of the oxidant to the surface



Se 

and the rate of chemical reaction at the surface are the con- 

trolling factors. Tu et al concluded that, carbon when burnt 

in a stream of air, is consumed by direct oxidation with oxygen 

rather than by a mechanism in which oxygen reaches the surface 

in form of another species. This conclusion was reached from 

experiments using carbon balls of 2.5 cm in diameter suspended 

in a stream of nitrogen-oxygen mixture. 

Yagi & Kunii (1955) in their studies on combustion of car- 

bon particles in flames and fluidised beds, also considered the 

two above mentioned steps in the overall rate of reaction. 

They concluded that especially in the case of combustion in 

flames and in fluidized beds the overall rate of combustion of 

carbon particle is a function of not only the chemical reaction 

rate, but the mass transfer coefficient through the boundary 

film surrounding it too. 

363-1 THE OXIDATION MECHANISM 

In a single spherical carbon particle undergoing oxidation 

the two main steps that should be considered are: 

1. Transfer of the oxidant molecules from the gaseous 

phase to the particle surface 

2. Heterogeneous chemical reaction at the surface. 

From these two steps the rate of consumption of carbon



per unit area of the external surface of the particle at any 

instant can be expressed as 

t/a, = fie + guae ) (3-2) 

where Rup is the mass transfer controlled rate and Roum is 

the chemical reaction controlled rate. R, is the overall con- 

sumption rate of the carbon particle. 

Mass transfer of the oxidising species to the surface of 

the particle is a function of the flow of gas, i.e, laminar 

or turbulant. If there is a high relative motion between the 

particle and the gas, the boundary layer around the particle is 

reduced. The mass transfer rate under such conditions can be 

expressed as, 

Ba(uyo) > Fer(us0) [: +a (,)” 5° | (3-3) 

as a function of N the Reynolds number and N the Schmidt 
Re Se 

number where a,b,c are constants. Bird, Steward & Lightfoot 

(1960). The effect of the flow rate around the particle to 

the combustion rate is discussed by Finaev (1965) and by Mul- 

cahy & Smith (1969). Fig.(III-1). They showed that in the 

pulverized fuel size range little increase in the mass transfer 

rates occurs even at accelerations of 1000 g. Where the acc- 

eleration is expressed in multiples of normal gravity. But
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for larger particles of ~ 100 mm the mass transfer rates were al- 

most doubled. Therefore a decrease in particle size would com- 

pensate for an increase in the relative motion between the part— 

icle and the gas as far as the mass transfer is concerned. 

In the above discussions the difference between the carbon 

particle and soot was not emphasized. Soot particle having a 

much smaller diameter than pulverized fuel or the carbon consid— 

ered by Tu et.al, and Yagi et.al.must behave in a different way to 

the carbon considered. Mulcahy & Smith (1969) expressed the mass 

transfer rates in terms of particle size, 

Fyn = ~48)(D0/a)p, (2/20)°°Panf(1- Ben) /Afs2 (+a) 

where Do is the diffusion coefficient, d the particle diameter, 

Se gas density (mass units), T the reaction temperature, Ta at 

standard conditions, fm is the mass fraction of the oxidant in the 

gas phase, S$ the dimensionless quantity in terms of diffusion co- 

efficient and radial gas velocity. 

The important factor in the above equation is the combustion 

rate being independent of the system pressure and having a small 

temperature coefficient (0.75), while it is inversely proportion- 

al to the particle diameter. Hence at some critical particle 

size the mass transfer will become faster than the chemical re- 

action (Ren » Ror) and from eq. 3-2 the latter will become
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the rate controlling (Ry = step. This critical diam- Rouen) 
eter limit is given as 100 Am in the literature. Magnussen 

(1971) studied the combustion of soot in turbulent flames and 

showed that the specific surface reaction rate of soot is one 

hundred times smaller than that of carbon, when compared with 

the results of Tu et al (1934), Field et al (1967) & Nagle et 

al (1962). Magnussen reached this conclusion by taking the 

characteristic soot particle dimension as 20 nm and comparing 

this dimension with the gas mean free path and his subsequent 

argument was that soot particles have no boundary diffusion 

film around them. It can be argued against his statement that 

from the electron micrographs it is known that the soot part- 

icles are in the form of agglomerates, hence the characteristic 

length is increased considerably. Under these conditions the 

appropriate length would be the one characterising the agglom- 

erate as a whole, not of the individual particle since the gas 

must flow around the whole bulk volume. This might lead to a 

presence of 2 boundary layer around the particles and may con- 

tribute to the effectiveness of the mass transfer controlled 

rate as well as the chemical one. | But as discussed in the 

previous chapter even though the agglomerates are present in 

the flame besides being in a small proportion they are also 

about 200 nm in size. Magnussen's mean free path at flame 

conditions was ~ 500 nm, so even accounting for the egglomer— 

ates, as the gas cannot be treated as a continuous medium, 

there can be no boundary layer. Another important observ—



ation in the above mentioned paper was that there was a reduced 

reaction rate in turbulant flow when it would be expected that 

a boundary layer of sufficient thickness would reduce the re- 

action rate and the effect of turbulance being an increase in 

the mass transport the reaction rate would be increased. Con=- 

sequently the existance of boundary layer around the soot part- 

icle in the flame cannot account for this observation. 

In the oxidation mechanism of soot particles in flames it 

is generally agreed in the literature that; 

1. Particles burn uniformly at their external surface only. 

Models based on pore expansion is incorrect. (Mulcahy 

& Smith (1969) ) 

2. Due to their small size, soot particles generated in the 

fleme have no diffusion boundary layer 

3. Following the above argument, the oxidation rate is not 

limited by the diffusion of the oxidant to the surface, 

i.e. mass transfer, but by the rate of heterogeneous 

chemical reaction at the surface. 

3.3.2. THE NATURE OF THE SOOT OXIDANT 

There is no generally agreed acceptable definition of the 

oxidising species in the literature which would cover the whole 

combustion process of soot particles in flames. The early work- 

ers, Tu et al (1934), argued that oxygen is the attaching oxidant



following their experiments on 2.5 cm carbon balls suspended 

in a flow of nitrogen/oxygen mixture. Under these conditions 

diffusion and chemical reaction rate both being effective in 

the rate control they concluded that the rate varies linearly 

with the partial pressure of oxygen in the ambient medium and 

named 05 as the direct oxidant. This argument was far from 

being able to explain the conditions discussed in the previous 

section when applying it to the oxidation of soot particles. 

Lee et al (1962) studied the rate of combustion of soot in 

a laminar hydrocarbon flame. They proposed a semi empirical 

rate equation with an activation energy of 39 Keal/ mole. 

Samples of the gas and soot particles were collected at 1 cm 

intervals from the beginning of the soot column to 6 cm down— 

stream. Size measurements were based on electron microscopy. 

The semi empirical rate equation is given as, 

4 
1.085 x 10. it? exp ( - 39.3Kcal/RT) gr oma coecel (3-5) 

with Fo = 0.05 - 0.10 atm and T = 1350 - 1650 K. They have 

accepted 5 as the only important oxidant when con was consid- 

erable. The workers themselves, however, concluded that the 

validity of the above equation should be checked against other 

variables. Their results might be effected firstly by a narrow 

range of to, » secondly by not eliminating tbe possible experi- 

mental limitations. Later Magnussen (1971) extended Lee et
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al's (1962) work to turbulant flames and compared his results 

with the case of laminar flames. Magnussen's modified rate 

equation fits Lee et al's results with better correlation and 

it is argued that it will satisfy experimental data outside 

the experimental range of Lee et al better than eq. (3-5). 

In addition he argued that from the experiments there was food 

reason to believe that combustion is effected with oxygen part-— 

ial pressures of below 0.05 atm. Radcliffe & Appleton (1971) 

in their studies of soot oxidation rates in gas turbine engines 

followed a different experimental approach, Since the previous 

measurements had ben made at pressures and temperatures well below 

those encountered in these engines. 

They foll- 

owed the pyrographite oxidation rates and argued that within 

experimental uncertainty, the soot oxidation rate measurements 

correlate with the measurements of the surface oxidation rates 

of macroscopic sized samples of pyrographite. Following this 

argument they have related Lee et al's (1962) rate equation 

(eq. 3-5) to Nagle & Strickland - Constable's (1962) correlation 

formula and suggested a rate relation based on oxygen being the 

oxidising species. Later, Park & Appleton (1973) studied the 

surface oxidation rates of carbon black, representing the soot 

formed during the combustion of hydrocarbons. Their measure- 

ments were made within the range of 1700-4000 K and Po, was 0.05 

-13 atm., in a shock tube. They concluded that for a fixed



temperature and low oxygen partial pressures, the surface 

oxidation rate is first order in the oxygen partial pressure 

and at high pressures approaches to a zero-order limit. The- 

ir results were evaluated by comparing with Nagle & Strickland 

-Constable (1962) formula, in the same way as Redcliffe & App- 

leton (1971). 

The fact that Magnussen (1971) based his argument on Lee 

et al's (1962) pioneering work undoubtedly leads to a conclu- 

sion that oxygen is the attacking species in oxidation of soot 

particles as in Lee et al (1962). Radcliffe & Appleton (1971) 

and Park & Appleton (1973) both related the soot oxidation 

process to an event which does not actually take place in the 

flame and argued that pyrographites and carbon black oxidations 

respectively covld be related to soot oxidation rates in flames. 

‘mis argument leaves room for doubt. Also Nagle & Strickland 

Constable (1962) correlation formula being used in both cases 

may indicate the non independance of the two works. The lack 

of in situ measurements in the above works is another import—- 

ant factor effecting the result of indicating oxygen as the 

responsible oxidant. 

Other possible attaching species such as 0, OH and H are 

studied by Rosner & Allendorf(1968), (1970), in their studies 

on the experimental rates of attack of these species on graph- 

ite surfaces.
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3.3.3. HYDROXYL RADICALS AS THE OXIDISING SPECIES 

The role of hydroxyl radicals in the oxidation of carbon 

is first reported by Graham et al (1957), following their studies 

on reaction rates of high temperature pyrolytic carbons. OH 

raficals in their report is taken to be the product of diss- 

ociation of water at high temperatures, from their experimental 

results it was argued that at 2600K the rate of reaction may be 

governed almost entirely by the reaction, 

OH + C = CO + H 

the attribution of the reaction to OH radicals followed the 

reaction rate beins 10° greater than at low temperatures. 

Hydroxyl radicals as the oxidising species in the oxidation 

of soot particles and their dominance over much larger concen- 

trations of CO, or H,0 was pointed out by Nillikan (1962). 

Later Fenimore & Jones (1967) argued that at wider limits 

4 _ 0.3 atm and T = 1530 - than Lee et al (1962) of Pp = 10" 

1890K soot oxidation does se in fact depend very strongly on 

Fo. an additional mechanism besides oxidation by O, was import- 

ant and OH radicals were named as the oxidising species. The 

nature of OH radicals is from the following principal reactions 

in flames of H,/05, 

Bet hOe——0u 0
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OH + #, aa HO ts 8 

once a hydrogen atom is present in the system, it acts as the 

initiator, the propagation and the branching steps of the chain 

reaction then follows. Since the radicals are only changed 

from one to another in this way, the reaction could never 

approach a final state of chemical equilibrium, by the function 

of these bimolecular steps above, unless terminated by another 

process. The only mechanism that could establish a final state 

of equilibrium must be by way of radical recombination reactions 

involving a third body, like 

Hi “+ eeH ee eX) o> HS +X 
2 

or 

H + OH + X = HO+ X 

where X is any third body molecule. The nature of this third 

body and its various characteristics is studied by Padley & 

Sugden (1959). They showed that while silver was acting as 

intermediate, lead favoured the H + OH recombination and 

sodium the H + H recombination, even though both of the pro- 

cesses were operative for Na. The radiative recombination of 

H + OH is also studied by Padley (1960). Other recombination 

reactions studies are reported by Jensen & Padley (1967), Kelly
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& Padley (1969), Jensen & Pedley (1966). It should be pointed 

out at this stage, that the free radical concentrations in the 

reaction zone of flames are in excess of their thermodynamic 

equilibrium values at lower temperatures Bulewicz, Jemes & 

Sugden (1956). This phenomena will be discussed in section 

(5.2), in detail.



CHAPTER 4 

4. APPARATUS 

In following the oxidation mechanism of soot particles in 

flames the importance of in situ measurements and the flame dis— 

turbance was discussed in the previous chapters. As a result 

of these arguments in situ measurements were the basis of the 

detecting system. Light scattering techniaue has this advant- 

age in flame studies over the other possible methods. In order 

to carry out the experiments on actual flame soot, instead of a 

correlation with an external process, the particles were pro- 

duced within the system, and carried pneumatically to the oxid- 

ation medium. The burner, light scattering system, and the 

other features of the apparatus will be discussed in the foll- 

owing sections. 

4.1. THE BURNER SYSTEM 

The generation and oxidation of soot particles take place 

in two different sections of the burner system. The unit is 

essentially composed of two burners with similar character- 

istics: 

1. PRIMARY BURNER: for the production of soot, using 

C, Hy» Oo» Nos Air 
204 

2. SECONDARY BURNER:for the oxidation of soot, using 

Hyy Op Nos
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Both flames are premixed laminar flames with additional shields 

around for different purposes. (Fig. IV-1 ) . 

4.1.1. PRIMARY BURNER 

Burner design is shown in Fig. (IV-2). It is made out of 

two parts, The burner barrel and the internal tubular section. 

The gas inlets are from the main burner barrel body, air inlet 

is placed tangential to the barrel. Tubular section has three 

compartments, the top one is for cooling water, middle compart- 

ment is for introducing air, for shielding purposes. From the 

flame stability experiments it is found that an additional air 

jacket is necessary to keep the flame, in the experimental con- 

ditions, stable in the closed medium. The lower section acts 

aS a mixing chamber for the fuel and oxygen, as well as the gas 

inlet for the actual soot generator. The metal discs used to 

separate the three sections, have appropriate number of holes 

drilled through for the hypodermic tubes to penetrate. The 

inner flame where Cony? O59 Ny is fed burns on 19 of the hyper- 

dermic tubes arranged with hexagonal symmetry : there is an 

extra 18 for the air shield. The tubes wee supplied by Coop- 

er's needle Works and are 18 gauge, with an internal diameter 

of 8.4 x 104m. All the parts of the burner are made out of 

brass except the stainless steel hypodermic tubes and the rubber 

'O' rings for separating the compartments. The tubes are sold- 

ered together by using ordinary soft solder. With the help of
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the cooling water circulation it is possible to keep this arr- 

angement below the melting point of the solder used. The in- 

ternal tubular section is fixed to the burner barrel with six 

screws from the top. There is a flange on the top of the 

burner for connections with the conical connector piece, equ- 

ipped with six 2BA screws. The flange disc has an ignition 

inlet, plugged with a tapered metal to glass seal nut having 

a platinum wire of 3 cm protruding to the centre of the burner 

with the other end connected to a high voltage spark source. 

(H.F. TESTER Model 1.1). This permits- ignition of the flame 

from outside without disconnecting the flanse. All the gas 

tubes were +" copper tubes with additional plastic tubes where 

necessary 2nd 4" gnots fittings were used throughout. 

4.1.2 SECONDARY BURNER 

The secondary burner shown in Fig. (IV-3) is of the water 

cooled Meker type and similar to the primary burner, made for 

a premixed hydrogen oxygen flame. A hydrogen flame has the 

advantage of possessing a very low level of natural jonisat- 

ion. As in the primary burner the secondary one has a main 

burner barrel and an inner tubular section. Cooling water in 

the top compartment is for the same purpose described in section 

(4.1.1.)+ The middle section is for providing a shield flame ar- 

ound the actual flame where the oxidation process being followed 

takes place “+ Cooling effects by the surrounding air and the
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external limitations can be greatly eliminated by this eddit—- 

ional flame mantle as shield. 

4 
Internal tubular section is composed of 8.4 x 10° 'm in- 

ternal diameter stainless steel hypodermic tubes soldered to— 

gether and individually located in the separating brass discs 

with hexagonal symmetry. Tube spacing is arransed to allow 

for the expansion in a horizontal plane by a factor of 7(2/3) 

(Miller 1969). The middle section is for outer flame inlets 

and the bottom part is for the inner flame. Fuel and oxygen 

inlets are placed tangential to the main burner barrel for vro- 

viding a swirling motion, which is particularly important in 

the inner flame case. While the bottom section acts as inner 

flame inlet, it also provides a mixing chamber for the primary 

burner product soot before entering the tubes. The swirling 

motion provided by the tangential inlets contributes greatly 

to the uniform distribution of soot particles amongst the hyp- 

odermic tubes. Soot inlet to the secondary burner's bottom 

compartment is specially designed to overcome the distribution 

problem and will be discussed in the following section. 

Internal tubular part of the secondary burner when insert- 

ed into the burner barrel is held in position by small bolts 

through the upper disc and by the rubber '0' rings on the other 

two. Similar to the primary burner all parts except the stain- 

less steel tubes and rubber '0' rings of the secondary burner is
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made out of brass. Small combustion zones were maintained 

above each tube to a height of ~1-2 x 407m, providing a flat 

reaction zone, important in flame reactions studies. 

4.1.3. THE CONICAL NEXUS 

The basic design of the apparatus may be divided into three 

parts, two burners and a connecting piece which should be a 

closed chamber transferring the soot from the primary burner 

where it is produced, to the fuel inlet of the secondary burner. 

Following this argument a simple soot generator was designed, 

using #"ID brass tube as the burner body with a nozzle at the 

mouth covered with a wire gauze. The burner mouth and the fuel 

inlets were 3" ID. In the construction of this burner =" ID 

brass tube and appropriate sizes of Enots fittings were used. 

The connecting piece was also a brass tube of 3 TD and ~ 60 cm 

long which could be screwed on top of the burner after ignition, 

  

and wound with a z" ID copper tube for cooling. Different fuel 

inlet arrangements were used to get a stable flame. The nozzle 

size was varied between 1/8" - 1/4", fuel and oxidant were pre- 

mixed, a diffusion flame arrangement was also tried but it was 

not possible to keep the flame steady and going inside the nexus. 

A wider connecting piece was also tried. Following these find- 

ings a primary burner as described in sec.(4.1.1.)was constructed. 

The link between the primary and secondary burners was
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initially made out of three units as in Fig. (IV-4). Start- 

ing from the soot generator a cylindrical section of 130 cm 

long and 23" ID is followed by a small conical unit of 9.5 cm 

high and having a diameter of 2%" ID to 3" ID on each end. 

After reducing the initial diameter from oan to gu a straight 

tube of 22 cm with gu TD was the final path in the soot flow. 

The three units were connected together by their flanges at 

the ends. 

Secondary burner was standing on this aa tube which pro- 

trudes about 8 mm into the mixing chamber. The base of the 

burner, is held on the tube by two '0' rines as a safety meas— 

ure in case of flame flash back. From the preliminary runs 

it was found that, soot particles,when introduced to the mix- 

ing chamber of the secondary burner tend to concentrate around 

the central hypodermic tubes. Hence the soot inlet mouth is 

modified into a form of distributor, to overcome this. Fig. 

(Iv-5). 

The distributor is made by plugging the 3" inlet tube, 

with a double sloped cone, from the top and drilling 12 oval 

holes all around with walls following the initial slope of the 

cone towards the inside and 4 mm from the top with a diameter 

of 3 mm. By this arrangement it was possible to divide the 

initial soot stream to 12 and obtain a flow, like a saucer, 

of soot. This flow, by the help of tansential fuel and oxygen
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FIGURE IV-4 INITIAL NEXUS DESIGN 
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FIGURE IV-5 THE SOOT DISTRIBUTOR 
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inlets into the chamber, undergoes a swirling motion, hence, 

a better distribution of soot amongst the hypodermic tubes. 

The selective distribution of soot particles, especially to 

the central tubes, was not recorded when using the above men— 

tioned distributor. 

Combustion products of the primary burner, when ine 

three member nexus was used, caused clogging problems. Wat— 

er vapour condensation and sludge formation with the soot, 

restricted the working time of the burner system and caused 

variations in the soot delivery. Therefore it was necessary 

to keep both the nexus and the secondary burner at a high tem- 

perature where condensation would not take place. The sudden 

decrease in the diameter of the three member connector was also 

a limitins factor, as far as the deposition of soot on the 

  

inner walls and especially at the I side of the cone is 

concerned. Hence a conical vessel of ~50 em long and rolled 

from copper sheet was used (supplied by R.P.E. Westcott). 

The diameter was 23" and 3" at each end. Distributor head 

with +" ID tube was mounted on the conical nexus and the whole 

unit is wrapped with a heating tape. The temperature wes held 

at a point, where the condensation of the combustion product 

water vapour, would not take place during the runs. General 

layout of the final primary and secondary burners and the nexus 

arrangement which wes used in the experiments throuchout; is 

shown in Fig. (IV-1).
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4.2. GAS SUPPLY SYSTEM 

The unburnt gases used in the primary and secondary burners, 

were Coty» Nos O55 AIR and Eos and were obtained from commercial 

cylinders (British Oxygen Co.). Nitrocen was from "white spot" 

purity cylinders. Gas supply arrangement is shown in Pig. 

(Iv-6). The flow rates were controlled by "Clockhouse" Needle 

valves which were placed on each of the ten feed lines. Meas- 

urements of the flow rates were made by pre-caliprated Rotamet- 

erse Calibrations were carried out by using soap bubble tec- 

hnique for the small rates and wet-sas meter (Parkinson Cowan 

meter) for flows bigger than 1.5 1t/min. As a minimum safety 

measure hydrogen and oxygen supplies were only mixed at the 

appropriate mixing chambers of the secondary burner. Flow 

rates for the inner and outer flames were arranced to be such 

that, both world have the same convective velocity. The tubes 

used on the supply lines were:plastic,except the lines from 

the cylinders to the flow meters and the appropriate inlets on 

the burners. 

Rotameters 5 and 8 wnich are the controls for the nitrogen 

supply to primary and secondary inner flames were also used for 

cleaning the hypodermic tubes where the soot causes the clogging. 

This is achieved by passing a very high flow of nitrogen through 

the tubes and tapping the burner slightly when necessary.
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: secondary burner outer flame 

: secondary burner inner flame 

primary burner outer flame 

primary burner inner flame 

: control valves 

: cooling water 

: rotameters
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During the temperature measurements a slightly different 

gas supply arrangement was adopted, which will be discussed 

in the following sections. 

4.3. GAS ANALYSIS ARRANGHYENTS 

4.3.1. GAS SAMPLING SYSTHi 

In determining the composition of the primary burner com- 

bustion products, which is the feed for the secondary burner 

inner flame, a gas chromatographic technique is used in con— 

junction with direct weighing. The two major products, being 

soot and water vapour, created similar problems by forming 

sludge as mentioned in section(4.1.3.) On these grounds, the 

first step in sampling is to keep the soot and water vapour 

separate, that is, in vapour form and prevent sludge formation. 

In order to achieve this a sampling system as shown in Fig. 

(IV-7). is designed. The carbon trap is basically a glass 

wool medium, placed in a tubular oven, to keep the temperature 

high enough for water vapour. The trap is secured on the dis-— 

tributor head after removing the conical stopper. Aw~3cm 

long rubber tube was used as a seal, the outlets around the 

seal was for pressure release purposes. Water trap is a glass 

U tube with a sintered glass dise on one side and filled with 

self indicating silica gel. A 'Meterate' flow meter for control 

is followed by a safety flask. The whole unit is connected to 

a diaphram suction pump, and the suction rate is maintained at
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: carbon trap 

: water trap 

: control valve 

: flow meter 

: suction pump 

: sintered glass stopper 

: heating tube 

: sampling bung 

: rubber connector 

: pressure release nozzles 

: safety flask
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relative gas flow rates. 

Sampling is done by hypodermic gas syringes, and samples 

drawn from the rubber plug situated before the water and after 

the carbon trap. 

The amount of soot and the water as combustion product is 

determined by direct weighing of the traps before and after 

the runs. Particular attention was given to changes in flow 

through the system, and pressure release nozzles, by monitor— 

ing the rate. This is caused by blockage due to prolonged 

runs. 

4.3.2. ANALYSIS BY GAS CHROMATOGRAPHY 

Gas chromatography is an analysis technique which can be 

used for continuous or batch chemical analysis and separation. 

It is based on the preferential adsorption of different comp- 

onents of a gas mixture as it contacts an adsorbent medium. 

Each component appears at a different time in the flow process 

as a result of this selectivity. The choice of the adsorbent 

medium is the major step in adopting such an analysis tech- 

nique. A chromatograph consists of a column packed with the 

suitable adsorbent, a flow system, a sample introduction system 

and a detector. Advantages of using such a technique for 

analysis of flame gases are high selectivity, high sensitivity,
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analytical accuracy, need for a small sample size and the rap- 

idity. 

Primary burner combustion products include CO, co, Nos 

chy and CoH, as major components, as determined by mass spect— 

rometer, others being C and #0 are based on the traps arrange- 

ment. The choice of detectors is between flame ionisation 

detector (FID) and thermal conductivity detector (TCD) for the 

above mentioned combination of gases. TCD would be the detec— 

tor of choice from ppm levels to percentage quantities, and be- 

cause of its sensitive response to all component gases involved 

(except C and 1,0). Whereas FID do not respond to permanent 

gases such as air, carbon monoxide and carbon dioxide. Grune 

(1962), Hemmarstrand (1974). 

TCD, which is also referred to as the Katharometer, con- 

sists of a wire heated by a stabilised electric current and 

placed in the cell through which the gas mixture to be analysed 

is passed. In the detector head the cell has two chambers, 

one through which only the carrier gas passes as referance and 

the other for the carrier gas and the sample of mixture for 

analysis. The system is balanced by a Wheatstone bridge arr- 

angement as shown in Fig. (IV-8). The equilibriun temperature 

of the wire and therefore its resistance, keeping the variables 

as temperature of the gases, pressures and flow as equal, de- 

pends only on the thermal conductivity of the gas, flowing.
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Hence in the presence of a different gas, than the carrier gas, 

in the cell, there will be a change in the resistance, and this 

change is then converted to potential difference. Therefore 

the apparatus will be more sensitive, f the difference between 

the thermal conductivity of the carrier gas and the constituents 

in question is greater. Helium or hydrogen would be the choice 

because of their very high conductivity, in comparison with the 

rest of the gases. 

There is no single column that will separate all the gases 

mentioned at ambient or high temperatures. A more complex sys- 

tem would be required. The method recommended by Hammarstrand 

(1974) involves a dual column system with a column switching 

valve. The column arrancement is shown in Fig. (IV-9). Mole- 

eular sieve 5A separates 0 Nos a? CO however CO, is irrevers- 
a 2 

ibly adsorbed on molecular sieves and do not desorp at high tem- 

peratures that can be involved in gas chromatographic analysis. 

However porous polymers, such as Poropak Q and chromosorb 102, 

will not separate Oo» Noy ch and CO which will appear as a 

composite peak, but are capable of separating CO, and higher 

Therefore the use of chromosorb 102 column in con- 

junction with a molecular sieve 5A column would be the solution 

for the complete analysis of the gas mentioned. As in Fig. 

(Iv-9) 10' x 1/8" stainless steel column packed with 80/100 

mesh chromosorb 102 and 5' x 1/8" stainless steel column packed 

with 30/60 mesh molecular sieve 5A connected by a four way
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rotary column switching valve forms the separating system. 

The four way switching valve allows the carrier gas to flow 

through both columns to the detector or through the por- 

ous polymer to the detector. During the single column case, 

the molecular sieve column is in a closed loop with no flow. 

Pye 104 series chromatograph coupled with a TCD detector head 

is used throughout, output was recorded on a Honeywell vert- 

ical chart recorder. A typical chromatogram achieved by this 

principle is shown in Fig. (IV-10). ven though a temperature 

programming is useful to reduce the time reauired for complete 

analysis, it wasn't found practical in the experiments carried out. 

The detector and column conditions during the analysis 

were as follows:- 

Column Temperature 3 52c 

Column Pressure 3 45 psi 

Bridge Current 3 150 mA 

Carrier Ges Flow :- 30 ml.min™’ (He) 

1 ml Sample Volume 

A reference column with the same conditions is also used 

in conjunction with the separating column, as described in the 

TCD principles. A typical composition of the primary burner 

gas analysed by this techniaue is given in Table (IV-1). 

The amount of unburnt ethylene is calculated from mass balance, 

and the air entrapment during the sampling process is eliminated
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TABLE (IV-1) TYPICAL COMPOSITION OF PRIMARY PURNER GASES AND 

FLAME CONDITIONS. 

  

  

            
  

  

1° Burner feed 1t/nin 56 (vol) % (weight) 

0, 0.45 29 33 

Ny 0.30 40 38 

CoH, 0.61 Si 29 

ATR 0.64 

4° Burner ges % (weight) | % (vol) 

co 21.7 18.9 

z CO, 54 3.0 

CH 2.5 3.8 

oH, 10.5 9.1 

#0 18.2 24.6 

c 367 (*) 7-5 

Ny 38.1 33.1           

* C assumed to be in gas form
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in the calculations. The amount given for carbon in the table 

is derived assuming C to be in gas form. 

4.4. DETERMINATION OF FLAME TEMPERATURES 

4.4.1. METHOD 

Flame temperatures have been determined by using the 

sodium - D - line reversal method. The technique is well est- 

ablished in the literature, Griffiths & Awbery (1929), Lewis & 

von Elbe (1963), Gaydon & Wolfhard (1970), The principle ad- 

vantage of this technique is that it does not disturb the sys- 

tem being studied, and has no higher temperature limit applic- 

able in normal flame studies. The method cives the electronic 

exitation temperature for sodium and as shown by Griffiths & 

Awbery (1929) can be taken as the true thermodynamic tempera- 

ture of the system. 

It is well known that,when sodium is introduced into the 

flame it emits two yellow D - lines at 589 and 589.6 nm. The 

comparison of these two yellow lines with a background source 

is the basis of the technique. Fig. (IV-11) shows the arr- 

angement used. A tungsten strip filament lamp (Phillips) 

was used as the background source. The light from the lemp(§) 

is focused with the lens (L4)s on the flame to give an image of 

the filament. The image of both the flame and the filament is 

then focused by the second lens (5) on to the slit of a Hilger 

constant deviation spectrometer. An aperture stop in front
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of the spectrometer slit restricts the aperture opening so 

that the solid angle of light from the flame is same as that 

from the filament of the lamp. 

As the light from the background source is passed throush 

the flame containing sodium vapour, the two D = lines appear 

either in absorption as dark lines against the continuum, or 

in emission as bright lines, when the brightness temperature 

of the background source is higher or lower than the flame 

temperature respectively. The background intensity can be 

varied with the arrangement as shown in Fig. (IV-11). When 

the brightness temperature of the background and the flame 

temperature are exactly the same, the lines are invisible, 

this is called the reversal point. At this point the amount 

of light absorbed by the sodium atoms from the lamp is compen- 

sated by their emission, such that by Kirchoff's law the flame 

temperature is eaual to the brightness temperature of the fil- 

ament. Calibration of the lamp is made at 655 nm by using a 

Leeds Northorp optical pyrometer, itself having been calibrated 

against a black body radiator. 

Under the above mentioned conditions there are two corr- 

ections to be made. Since the calibration of the filament is 

made at 655 nm, which is in the red, the true temperature of 

the filament is higher than the measured brightness tempera- 

ture. A relation between the two temperatures exists knowing



ms 

the emissivity of the filament at both wavelengths, and is civen 

by Wien's law, 

: = me (Arce Ge Nice ey) + : (4-1) 

x eG » 

where aX and 2 are the brightness temperatures in K at 

0.655 x 107% and 0.589 x 1074 em with ex and eT the correspond- 

ing emissivities Cy is a second radiation constant equal to 

1.439 cm. deg. The background source is weakened when passing 

through the lens Lys whereas the light from the flame does not3 

a second correction should consider these reflection losses. 

In fact Gaydon & Wolfhard (1970) showed that, this reflection 

loss almost exactly compensates the brightness temperature corr- 

ection, in the case of sodium within the experimental limits of 

the method. 

4.4.2. APPLICATIONS 

Temperature measurements were made under two conditions. 

First being in the absence of primary burner product soot and 

secondly in the presence of soot particles in the secondary 

flame, that is when both burners are in operation. The intro- 

duction technique of sodium in both cases were different, due 

to experimental limitations. In the absence of primary burn- 

er products a spraying method was used. 4A right-angle extern- 

al atomizer as shown in Fig.(IV-12) provided the atomized
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FIGURE IV-12 THE ATOMIZER 
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droplets for the flame, the nitrogen flow at the top flask, 

is for carrying the droplets to the feed line. ™/100 Natl 

solution was used; with concentrations above this level,the 

atomiser nozzle does not function properly. 

In the presence of primary burner products in the sec- 

ondary flame, sodium introduction presents different prob- 

lems. Due to the presence of water, if a spraying method 

is used, similar clogging problems as described in Section 

(4.1.3.)do arise. Therefore a method of introducing sodium 

chloride in solid form had to be adopted. For this an elu- 

triator as shown in Fig. (IV-13) was used. Very finely 

ground sodium chloride crystals are placed on the sintered 

glass stopper. jith the flow of nitrogen from the bottom 

these particles are suspended in the flowing fluid. From 

Stoke's Law, 

Ure = ga? (Po -f) (4-2) 

181 

the terminal falling velocity, Vigo of the particle must be 

smaller than the velocity of the fluid, so that the particles 

could be suspended in the flowing gas. In the above equat— 

ion d is the particle diameter, g the acceleration due to 

gravity, Pp and are the densities of the particle and gas 

respectively, where ee the gas viscosity.
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FIGURE IV -13 THE ELUTRIATOR 
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The Nag] powder in the bottom container was kept in constant 

motion by a vibrator which also helps the powder sticking on the 

walls ,to return to the container. By this technique only the 

finest particles are carried through. 

The interference by flame luminosity, in the presence of 

primary burner products, did not prevent the use of sodium D - 

line reversal techniaoue, but did make these measurements diffi- 

cult. Fig. (IV-14) shows the flame temperatures in both cases.    

Addition of primary flame gases lowered the temperature by about 

100K. 

Theoretical flame temperatures were also calculated for 

comparison. The method and the computer program developed for 

this purpose is discussed in the following section. 

4.4.3. THRORETICAL FLAME TEMPERATURES 

The calculations of flame temperatures were based on a 

trial and error method, involving mass 2nd heat balance equations 

as well as the vrinciple reactions in the fleme. In the case 

of the absence of primary burner products, the principle react— 

ions considered included, 

2 2 2 

ins H,0 == 3H, + OH 

4H, = # 

410, -— a0
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equilibrium constants were taken from Gurvich et a1(1962) 

and tabulated for the above cases by Gaydon & Wolfhard (1970). 

The computer program developed and based on a trial and error 

method, using Fortran 1900, is described in Appendix I. For 

the case of primary burner products being present in the sec- 

ondary flame, temperature values were computed at R.RE. VW:       t= 

cott, by the courtesy of Mr G Jones. The results do asree 

with the measured temperatures, and the 100K decrease in the 

flame temperature by the introduction of primary burner prod- 

ucts is persistent. 

4.5. LAME MAPPING FOR SOOT 

Primary fleme is manped for sooty compositions by visual 

inspection. A suitable mirror arrangement was placed on top 

of the conical nexus after removing the secordary burner 

mountinz attachments. Keeping the totel gas flow rate con— 

stant, and only varying the composition of the three major 

constituents, ethylene, oxygen and nitrozen the shaded area in 

Fig. (Iv-15) shows the region where a sooty flame could be ob- 

tained. The two boundarys are the flash back limit on the fyel 

rich side and the blow-off limit on the fuel lean side. As far 

as the nitrogen limit is concerned the restriction is from the 

experimental settings. The flow rate of air around the flame 

is kept constant during the process, and when the 21% oxygen of 

the air is included in the overall composition, the limits are
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shown in Fig. (IV-15) by the broken lines. It is always best 

to ignite the flame initially at a fuel rich mixture then set 

the composition required, within the sooty limits. 

4.6. WHE LIGHT-SCATTERING SYSTEM 

The main features of the light-scattering system are shown 

in Fig. (IV-16). A Ferranti DC-excited gas laser type SL3 at 

632.8nm wes used as the light source. The scattered licht 

intensity was measured with a photo-multiplier (E.M.I. 9658B) 

system, placed at an angle of 32°, Radiation from the flame 

is isolated by a Gribb Parson interference filter tuned to 

632.8 nm by mounting at Gee To minimize the unwanted out— 

put of the photo-multiplier tube, due to the flame light, a 

reference signal chopped with the seme frequency as the in- 

cident light is used in conjunction with a Brookdeal 9412 

phase sensitive detector (PSD). The output of the PSD is 

recorded on a ServoscribeIS potentiometric flatbed recorder. 

An oscilloscope and a digital voltmeter were also connected, 

in order to follow the instant output value and the syncron- 

isation of the reference and the signal. inputs. Details of 

the PM circuit is shown in Fig. (IV-17). The burner system 

Fig. (IV-1) is mounted on 2 pletform which enables the mees- 

urements to be carried out at various heights in the flame. 

The secondary flame is covered with a metal shield with op- 

enings at the incident beam inlet and at 32° outlet, acting 

as a wind shield.
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CHAPTER 5 

5. LIGHT SCATTERING STUDIES OF SOOT OXIDATION IN FUEL-RICH FLAMES 

The oxidation of soot has been studied by various workers, 

as described in section 3.3., and a variety of techniques have 

been applied to find out the oxidation mechanism. As far as 

any one mechanism applicable to all flames is concerned no firm 

conclusion has yet been reached. Contrary to the fact that 

most of the previous work being carried out in fuel lean flames, 

where the oxidation is rapid, fuel-rich hydrogen flames are 

used in this work. Fig. (V-1) shows the experimental limits. 

Flames, having the advantage of being time invariant, when 

compared to shock-tube studies, do suffer from the difficulty 

of maintaining stability over a wide ranve of fuel/oxidiser 

ratio and percentage dilution by inert additives. The direct 

relationship between the initial composition and the flame 

temperature is also a restricting factor in the choice of ex- 

perimental conditions. 

Previous workers do agree that in the oxidation of soot 

particles in flames, the principal change is in the particle 

diameter as the oxidation proceeds, while the number density 

only changes slowly. The flame height is used in this study 

as the time parameter in following this change. The exper- 

imental variables chosen were the flame temperature and
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composition. Measurementswere made at varying flame composi- 

tions while keeping the temperature constant. Unfortunately 

as mentioned above there is little room for temperature vari- 

ations at constant compositions. All the runs were made at 

a fixed primary burner composition. 

5.1. EXP!RIMENTAL 

Experimental procedure followed in this study can be 

grouped as, the settling time of the system, working time 

limitations and finally, following the light scattered with 

respect to the flame height. 

51.1. THE SYSTEM SETTLING TIME 

Preliminary investigations showed that the relationship 

between the flame height and PSD output, which was used as a 

measure of scattered light, was not reproducible. A decrease 

in the output (PSD) with time was the significant character. 

The inner walls of the conical nexus and the sbreigie piece 

following, as well as the mixing chamber of the secondary 

burner are covered with a layer of soot during the runs. 

When the clean system is used it is possible to follow the 

decrease in PSD output with time. This is shown in Fig. 

(v-2). After a period of about 50 minutes the drop in the 

output comes to a steady level, the readings taken from them
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onwards do agree as far as the reproducibility is concerned. 

The ripples in the initial state also fade as settling pro- 

ceeds. Temperature of the nexus and the secondary burner 

circulation water should also be kept constant. 

Fluctuations in the output are mainly due to changing 

flow of soot from the primary burner. Deposition on the 

system inner walls is a big contributor. Once a sufficient 

deposit layer on the walls, is formed and a steady temper- 

ature of the nexus is reached the system is settled. There- 

fore, primary and secondary flames should be set at a desired 

temperature and composition, the heating of the conical nexus 

and secondary burner circulation should be at a constant level, 

and a period of 50 minutes should be completed under these 

conditions, before an acceptable reading is taken. 

5.1.2. WORKING TIME LIMITATIONS 

There also is an upper limit as far as the duration of 

the runs are concerned. Once the settling is completed the 

deposition on the inner walls does not stop, but there is 

enough time for a number of acceptable runs to be completed 

before the soot path is blocked, because of turther deposi- 

tion. These limits are set by observation and averaging 

individual runs. In fact going beyond these limits produce
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poor results and larger variations. The time gap after the 

initial settling process is about 65 minutes, then it is nec- 

essary to dismantle the burners and the nexus for cleaning. 

Working time is also a factor of primary burner feed compo- 

sition, from Fig. (IV-15) if the composition is set at near 

the blow off limit the working time gap can be increased. 

While at the flash back limit it decreases. The figure 

given above is a rough limit which is within the safe rest- 

ricted period, and was used in the experiments carried out. 

521.3. LIGHT SCATTERING AS A FUNCTION OF FLAME HEIGHT 

When the conditions in section 5.1.1. and 5.1.2. are met, 

the light scattered by the soot particles in the flame falls on 

to the photomultiplier tube arrangement as mentioned in section 

4.6. The signal is chopped and fed into the PSD with a refer- 

ence signal, which is also chopped at the same frequency, and 

syncronised with the actual signal. The en ae is 

followed on the CRO. PSD filters are set at an 

acceptable noise level. The PSD output level is related to 

the size of the particles according to the relation between 

the scattered intensity I and the particle radius ae other 

terms being constant throughout the flame. 

The amount of soot in the secondary flame was recorded 

at various heights, and as expected, a steady decrease in 

the intensity of the scattered light, was observed. The
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height at which no more scattering is recorded, as far as 

the apparatus is concerned, is a function of flame temper- 

ature. In fact, this characteristic also restricts the 

working area as shown in Fig. (v-1). For the high temper- 

ature flames, that is with high oxygen percentage, it is 

only possible to follow the scattered light up to a height 

of about 70 mm from the burner top. In these flames, the 

flame luminosity also makes the measurements difficult. 

It was not possible to detect the scattered lisht from the 

soot particles in flames of hicher temperatures. As one 

approaches the stoichiometric mixture, the flames tend to 

get very small and very luminous with a height of about 

10 cm. ‘The situation is even worse at and below the 

stoichiometric Hy 20, ratio, where no scattering could be 

followed. However at the higher HA#05 ratios, where the 

diluent N, is very small in quantity, flames do tend to be 
2 

broader and begin to lose their thin long shape. This 

characteristic of being unsteady restricts the upper height 

limit of reliable measurements. Whereas within these limits 

a variation of about 500K in temperature and 40/0 in Hy per- 

centage as fuel inlet is possible. 

The purpose of this study on soot particles in flames, 

is to identify the oxidising species, and the oxidation pro- 

cess of these particles. The history of soot in flames, 

its formation and the proposed mechanisms are discussed in
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Chapter 3. The current argument on the nature of the oxidant 

is between the oxygen atoms and the hydroxyl radicals, which 

is known to be a very active oxidant. In flames of H,-0,-N, 

the individual species present in flame gases can commonly be 

classified as molecules, free radicals, atoms and ions. Be- 

fore any further analysis of these species is made the kinetic 

behaviour of the flame should be analysed. 

5.2. CHEMICAT KINETIC ANALYSIS OF THE FUEL-RICH Hp-0, FLAME 

From the classification of the individual species in the 

flame gases (Section 5.1.3.), the term molecule generally re- 

fers to a stable enough polyatomic species such as HAO, Eos 

etc. The molecular fragments from the free radicals class, 

although electrically neutral - are characterised by one 

or more unpaired electrons. Thus the free radicals are 

highly unstable and reactive, eg OH. The term atom, in the 

above mentioned classification refers to free radicals having 

a single atom, these are also unstable, eg H, 0. Finally 

the species carrying a net charge, which is also unstable are 

referred to as the ions. 

5.2.1. BIMILECULAR RADICAL REACTIONS 

The combustion process in the reaction zone of a Hp-05



flame is 2 branched chain reaction. Formation of a free hyd- 

rogen atom is the initiation step. The reaction, 

k 
1)
 4 

OH + 0 (5-1) 

ro
 

-1 

which is the branching step in the mechanism, is extremely 

important in many high temperature combustion systems. It is 

endothermic and too slow to play a role at room temperature, 

Warren (1952). In hydrogen/oxygen flames, reaction (5-1) is 

the vrincipal mode of removal of 5 in the reaction zone, 

Fenimore & Jones (1958), (1959). Reaction (5-1) has been 

studied extensively and with various techniaves. Fenimore & 

Jones (1969) used high-temperature flames whereas shock tube 

studies reported by Schott & Kinsey (1958), and Strehlow & 

Cohen (1962). 

Propagation step of the chain reaction is characterised 

by the following two reactions. 

ny
 

nD OH + H (5-2) ‘ib 
ram

 
nw
 

+ 0H 3, HO + (5-3) tk 
yx
 

1 oes
)
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In the reaction zone of any hydrogen oxygen flame it is likely 

that only the species H,,05,H,0,0H, H and O need be considered. 

Other possibilities such as HO, H0, and oe would be negligible 

at high temperatures, which is the case in such flames, Kaskan 

(1958). For these main species and from the eq. 5-1, 2&3 the 

time rate of change of all six species may be expressed as, 

aN ‘ 
=- k ~ i KaNNg, + K_aNouNy + KoNONy - 1 oNouNy 2 2 at 

k A 2 + su Nox «My oy (5-4) 
2 

an 0 ‘ g= - kB) + Nowy (5-5) 

at 

aN 
—OH = 1 MNy  - kK NoHN + KONONY  - *_oNouNy 2 2 at 

~ RNa Now * *3SaoMa (5-6) 

an, , =k é" z - == aNaNo - KaNowo - NoMa, + Non (5-7) 2 2 at 

aN 
ec . 

a 2NoNH, + Nowa ~ "sMu.Now * ‘lon 
at 

(5-8) 

Oe 0 r pa Pa has Mio (5-9)
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In fuel rich flames of hydrogen and oxygen, Ny and Ni 0 can 
2 2 

be taken as essentially constant. With suitable arrangements 

of eqs. (5-4) - (5-7) it can be shown that, 

  

i aNy 
Ny aN... aly 2 

+ OR +9 + Lest ig (5-10) 

at at at at 

therefore the number of free valencies will remain constant 

and reactions (5-1) - (5-3) cannot lead to a final state of 

chemical equilibrium but to a condition where eq (5-10) is 

valid. 

Reaction (5-2) has been studied by Clyne & Thrush (1963), 

Hoyerman et a1(1967), Browne et al (1969) and Brabbs et al 

(1971). Jensen & Kurzius (1967) reported the k value for 

reaction (5-3) as 2.4 x 101? exp (-2770/T) cn? sei a. 

which is an evaluated result for temperatures of 300-2000K 

for their calculations on nozzle and rocket exhaust flow 

fields. 

522.2. THREE-BODY RADICAL RECOMBINATION RHACTIONS. 

The nonequilibrium state mentioned in section 5.2.1. 

shows that by a function of the three (5-1) - (5-3) bimol- 

ecular steps alone a final state of chemical equilibrium 

cannot be reached, unless some other reaction terminates the
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process. The only mechanism, for the establishment of final 

equilibrium, must be by way of a radical recombination reaction, 

involving a third body. This can be any third body molecule 

or the system walls. In the case of open flames, system 

walls cannot be mentioned. Therefore reactions such as, 

Ky 
Beton + x —> H+ x (5-11) 

or 

5 
H + OH + xX —>H,O+ x (5-12) 

2 

where 4 is any third body molecule, would act as the termina- 

tion step of the chain reaction in the combustion system, as 

far as the final state of chemical equilibrium is concerned. 

Padley & Susden (1958) studied the above two reactions by foll- 

owing the intensity of the emission of sodium D - lines as a 

function of distance (time) in the flames of Hy + 0, + Ny 

at temperatures of 1400 - 2500K. In their hydrogen rich 

flames where there is little 0 atom, they found that reaction 

(5-12) was the dominant one when compared with (5-11), which 

is the faster of the two. It is important that, all the 

recombinations are strongly exothermic and require third 

bodies to accept part of their reaction energies. In the 

literature the relative importance of H and Hy as the third 

body in reaction (5-11) was a source of controversy. Where
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the purity of Hy is in doubt it is necessary to ignore the 

work, because of the interference with the decay of hydrogen 

atoms. The flame studies and works on shock tube for react- 

ion (5-11) is also reported by Schott (1960), Schott & Bird 

(1964), and Getzinger & Blair (1969) where reliable data 

were quoted. It is difficult to derive the precise values 

of k from such studies for two reasons; 

(a) At least two of the termolecular (5-11) - (5-12) 

(where the third one is 0, + H +X —> HO, + Xx) 

do control the decay of radicals and atoms in the 

recombination zone of flames and shock tubes. 

(b) The species H, 0 and OH are in a state of partial 

equilibrium (section 5.2.3.) at these temperatures, 

the decay towards complete equilibrium is governed 

by the reactions (5-1) - (5-12). 

In fuel rich flames (5-11) becomes of increasing import— 

ance while (5-12) tend to predominate in fuel lean mixtures. 

The uncertainties in studies on (5-12) are due to the reaction 

(5-3). In flames end shock tubes the balanced reaction is 

quickly attained where H and OH are present, and the overall 

decay proceeds by the recombination reaction (5-11) & (5-12). 

Padley & Sugden (1958) in their Na - seeded fuel. rich H,/0,/ 

N, flames determined the k (5-12) from rate of heat release 
2 

in post flame zone assuming H,0 being the only effective third
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body, and concluded that in low temperature flames the Na 

emission is due to the chemiluminescent reactions, 

H+ OH + Na —» HO + Na” (5-13) 

* 
H + H + Na —» H, + Na (5-14) 

the decay of chemiluminescence with height in the flame 

accorded with the known decrease of atomic hydrogen and 

hydroxyl concentrations. Padley & Sugden extended their 

observation to other elements and showed that lead favoured 

the H + OH recombination while sodium catalysed the H + H 

recombination. Other studies on ion recombinations are re- 

ported by Jensen & Padley (1967). 

502.3. PARTIAL EQUILIBRIUM 

Following Sugden, a reaction which is in equilibrium 

with its reverse is called a balanced reaction. The bimol- 

ecvlar reactions (5-1) - (5-3) are faster than the recombin- 

ation reactions (5-11) & (5-12), nence it should be expected 

that a step would be reached where the bimolecular radial 

reactions are approximately eauilibrated even though the 

system as a whole was not. This state of equilibrium is 

called the partial equilibrium, Schott (1960). At this stage
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the equilibrium relations can be expressed by, 

  

K, =.N N i oH 0 (5-15) 
N, N, 

H 05 

K, = WN 
2 OH (5-16) 

N N, 
0 Hy 

= oN 

oe eo (5-17) 

N N 
Ho OH 

It should be noted that the above relations hold at true 

chemical equilibrium, but at partial equilibrium, even though 

the absolute concentrations are different, various concentration 

ratios will be the same. In the case of hydrogen-rich flames 

neither O nor o, is present in sufficiently large ouantities. 

From eg (5-10) it can be shown that, 

(Ny + Now + 2Ny + Ng) = constant 

this is so, as far as the first three reactions are involved, 

and the three-body recombinations should decrease this sum 

rather than any single member of it, Keskan & Schott (1962)



showed that when a system containing H, OH, 0, Hos oO, and 

E,0 decays to form Ey and HAO, which is the case in fuel- 

rich mixture, the conservation requires that, 

ay, 
_ aN, x ONO aS “ANG ro 05 : recombination 

at dt at at rate (5-18) 

assuming that Ny and Ny o are constant, it can be shown that, 
2 2 

N N 2 
Pre kK) io) Son ee KK Se.) 

5 iw. ae 4 So OH M 
H,0 0 

2 rs 

N, 2 
K 2 - -19 

errs, ( 3 ge Nous (5-19) 
#0 

‘and the relation between N... and time can be expressed as, (OH 

fee 2K, N. ON N — 3 RM E, 
Now 2 Ck, K, 2 + kg) t+ oc (5-20) 

Ma, ss %u,0 “a0 

which would lead to an important conclusion and experimentally 

confirmed by Kaskan (1958). A similar analysis in terms of 

H is carried out by Bulewicz, James and Sugden (1956), which 

leads to the concept of diseauilibrium state.



-99 - 

52.4. THE STATE OF DISEQUILIBRIUM 

Arthur (1949) argued that in burner flames at atmospheric 

pressures the free radical concentrations are above the expected 

thermodynamic full ecuilibrium level, following his studies on 

hydrogen atom concentrations in H,/air and other flames with 

molybdenum oxide. From the balanced reaction (5-3) & (5-17) 

it could be shown that, 

N, 

Bay= “5 ._"e (5-21) 
Now Ni,0 

The experimental behaviour observed by Bulewicz, Jemes 

and Sugden (1956) showed that a similar analysis for xy could 

be carried as in eq (5-20), and it would be a linear function 

of time too. Their studies confirmed Arthur's suggestion that, 

while the free radical concentrations are very close to the 

actual thermodynamic equilibrium ae at high temperatures, 

they tend to deviate from these values as the temperature de- 

creases. This behaviour is shown in Fig. (V-3). 

Bimolecular exchanges will ensure that, the excess 

radicals over the equilibrium concentrations, would reach a 

common level that,
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oe |e (5-22) 
Now Now |e 

and 

ee es) (5-23) 

Nou 
e e 

a&
 

| 

a 

where o signifies the disequilibrium paremeter and e for the 

equilibrium concentrations. For the other free radicals 

similar arguments can be made and in the case of Ny it could 

be shown that the actual concentration and the eauilibrium levels 

are related by ee where, from. (5-16) 

pie Ky. 2 (5-24) 

No Non 

and 

2  N By= NX, 50 (5-25) 

2 
Roepe, 

eo =| 20 (5-26) 
i 2 

Ny it Ne 

where 

N, 2 = 

Oo =-m = 0 (5-27) 
N 2 

oon Sn
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The values of the disequilibrium parameter derived 

from Bulewicz et al, is shown in Fig. (V-4). For an ex- 

tensive discussion of flame kinetics see Page (1973). 

In their studies on excess hydrogen atom concentrations 

in flames Bulewicz et al made two kinds of measurements. 

The comparison of Na D lines and Li resonance doublets 

intensities, for equal traces of these metals in the flame, 

where the free Li undergoes the balanced reaction expressed 

as 

Tiger HO SS li0d + x (5-28) 

and measurements of the change of intensity of the D lines 

in the presence of chlorine considering the balanced reaction, 

Na + HCl => Nacl + H (5-29) 

from the estimated equilibrium constants Ny could be obtained 

for the above two relations. Their results showed a good 

agreement in the two cases. Calculated N concentrations 
OH 

e 

combined with 

Dus = %s (5-30) Li LioH/N,
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FIGURE V-4 DISEQUILIBRIUM PARAMETER 
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would give a relation as, 

p Ki = Nou, Li (5-31) 

4 
The relation between Ky and the equilibrium constant Ky for 

the reaction, 

Li0H == Li + OH 

should be expected to hold over the temperature range. However, 

while the relationship was maintained well at high temperatures 

( 9 2100K) , ee became progressively greater than Ky as the 

temperature was decreased. The interpretation is that the 

equilibrium is still maintained but at lower temperatures, 

m > (De (5-33) 

therefore from measurements of Noy Ny could be evaluated. 

The conclusion that should be drawn from the state of disequ- 

ilibrium is that, while the radical concentrations in flames 

are close to their predicted thermodynamic equilibrium concen- 

trations at hish temperatures, they tend to deviate from these 

values at lower temperatures and are much in excess of the 

calculated values.
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CHAPTER 6 

6. RESULTS AND DISCUSSIONS 

Within the experimental limits Fig.(V-1), as the flame 

conditions were changed, firstly by composition variations and 

secondly temperature variations, a distinct pattern has been 

observed. Such that, while at fuel rich mixtures the change 

in scattered intensity with flame height (log I vs h) gravhs, 

show a bigger slope, as the mixture gets close to the stoichio- 

metric H,/05 ratio, slopes decrease steadily. Even though the 

pattern is the same for all constant temperature cases, there 

is a difference in the range of this decrease, for different 

temperatures. 

In Table (VI-1), the twenty different flames studied are 

listed, and given a flame number which they will be referred to 

from now on. Flame compositions are of the secondary burner 

inner flame, where the outer flame also has the same ratios. 

For all cases, primary burner composition was kept constant. 

A typical variation of the scattered intensity, which is 

in arbitrary units of the PSD output, is shown in Fig. (VI-1). 

As seen from Fig. (V-1) this flame is close to the stoichiomet- 

ric Hy /0 ratio, and therefore the graph has a relatively small 

slope. The change in the scattered intensity pattern at 2
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FIGURE VI-1 SCATTERED INTENSITY 

vs. FLAME HEIGHT 
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TABLE (VI-1) 

07 

THE FLAME CONDITIONS 

  

  

  

  

PERCENTAGE COMPOSITION MEASURED 

FLAME NO. Hy 05 N, TEMPERATURE (K) 

1 37 5 58 1690 

2 30 8 62 1700 

3 36 S 55 1860 

4 32 on} 57 1900 

5 61 2 31 1900 

6 40 8 52 1970 

uf 43 i 50 1970 

8 46 6 48 1970 

9 43 10 47 1980 

10 60 5 35 2020 

1 50 8 42 2030 

12 37 12 51 2040 

15; 65 il 28 2050 

14 50 10 40 2060 

no 70 4 26 2060 

16 76 4 20 2060 

17 43 12 45 2080 

18 60 8 32 2100 

19 60 10 30 2120 

20 50 12 38 2170         
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constant tempercture is expressed in Fig. (VI-2), where three 

different flemes at 1970 K are shown, but at different compos— 

itions. The decrease in the slope as the stoichiometric H,/0, 

ratio is approached on the constant oO, seale is the important 

characteristic. When the composition is varied towards the 

fuel rich side, the slopes follow a sequence of higher values 

as the departure from the stoichiometric H,/0, ratio is inc- 

reased. 

There is a similarity between the lower temperature close 

to the stoichiometric ratio case, and the high temperature 

cases, as far as the change of scattered intensity with flame 

height is concerned. A comparison for such conditions is 

given in Fig. (VI-3). This resemblance is valid not only for 

flame nos. 9 and 20, but for such other pairs too, while the 

higher limits, that is the furtherest point frem the stoichio- 

metric ratio for each constant temperature contour, show a big 

difference, in slope, and average scattered intensities. 

The average scattered intensities in arbitrary units in 

terms of PSD output and d log I/dh for each flame is listed in 

Table (VI-2), d log I/dh is the reciprocal of the slopes ment— 

ioned earlier. 

6.1. ANALYSIS OF THE RESULTS 

The intensity of the light scattered from an assembly of
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FIGURE VI-2 COMPOSITION RELATIONS 
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FIGURE VI-3 TEMPERATURE RELATIONS 
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TABLE ( y1-2) AVERAGE INVENSITIFS & dlogI/éh 

  

  

  

I 

FLAME NO. AVERACE INTENSITY dlogT/dh 

( I x, 100 ) (m1) 

35 4.78 
2 20 6.96 

3 30 10.5 

4 23 15.5 

5 1 1.93 

6 30 9675 
7 40 8.17 
8 60 1236 

9 6 16.5 

tg 80 6.64 

al 12 11.0 

ue 4 3567 
193 15, 10.0 

i 6 1769 

2 50 : 8.02 

Ke 60 7445 

qi 5 45.3 
18 15 12.4 

2 3 19.5 

20 3 48.8     
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particles is a function of the particle properties, ansle of 

scattering, number density and the diameter of the particle. 

From ea (2-3), it can be expressed in terms of the above fact— 

Ors, a8, 

6 I= oa > a; (6-1) 

i 

where the Ae eroup of particles hes diameter ay and number 

density nis & being the combination of other values in eq. 

(2-3). 

When the cerbon particles undergo an oxidation process 

in the flame, it is generally agreed that, the change is in the 

particle volume while the nunber density is only slightly effected. 

In an oxidetion process proceeding in the above way by an 

oxidising species attaching the particle surface, (Section 3.3.1.), 

which will now be referred to as X, the rate of loss of carbon can 

be expressed as, 

- 4c = Ry af x] (6-2) 

The oxidising species in question were the hydroxyl radicals and 

the oxygen atoms. The equilibrium concentrations of such species 

are calculated from Gaydon & Wolfhard (197) and Gurvich et al



See 

(1962). They are listed in Table (yI-3) 

The rate of loss of carbon is in fact the rate of decrease 

in the particle volume, hence can be expressed in terms of da/at. 

When the intensity of the scattered light is taken from one 

diameter croup, it will be, 

  

T= ona? ‘ (6-3) 

and 

d@dinI= 6&n dine (6-4) 

dat dt 

which can also be interpreted as, 

= sank, x|/e (6-5) 

Defining 

We 
O= 6x, @n) (6-6) 

the change in intensity becomes, 

a@iniI = 6 rVs{ x] | (6-7) 
dt 

From the experimental observations, the slowly varying 
-1/ 

function I could be replaced by its average value, such 

that
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TABLE (VI-3) CALCULATED RADICAT, AND ATOM CONCENTRATIONS AT 

THERMODYNAMIC EOUILIBRIUM 

  

  

  

FLAME NO. Lo]. [*]. [o], ¥ 

(atm x 107?) | (atm x 1074) | (atm x 107°) 

1 0.14 0.71 0.03 16.60 

2 0.34 0.57 0.09 15.50 

3 1.91 2.51 1.78 4.22 

4 4.98 2.63 8.48 3,20 

5 0.35 6.05 0.26 3.20 

6 4.00 6.58 7.51 2.11 

i 3.23 7618 5.56 2.11 

8 2.60 7.74 4.15 2.11 

9 5.82 7.0 4467 1.99 

10 2.62 1352 4.74 1.58 

"1 5.70 11.9 13.3 1.50 

12 16.0 8.1 62.4 1.41 

13 4.98 16.6 10.9 1.33 

44 10.3 13.8 32.0 1.25 

15 2.67 19.3 5.91 1.25 

16 2.55 20.2 5.41 1.25 

17 17.8 12.6 14.3 1.26 

18 9.13 21.4 28.8 1.00 

19 14.0 23.3 51.2 1.00 

20 30.4 25.6 188.0 1.00            
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6 [*] z 7/6 dln I/at (6-8) 

The value [x] is determined experimentally end listed in 

Table (VI-4). Assuming thermodynamic equilibrium conditions, 

the correlation of the rate function [x] with the oxidising 

species in question (OH and 0) are also tabulated in the third 

ani the fourth column of the same table. As described in Sec- 

tion 5.2.4., in the temperature range studied, hydrogen atoms 

are well ahove their thermodynamic equilibrium level. Intro- 

duction of the primary flame products will tend to reduce this 

disequilibrium, but not eliminate ite From Table (VI-4) even 

thouch the correlation is not exact in either case, there is 

strong evidence that the oxidising species X is the hydr- 

oxyl radical where f nes of more constant value, rether than the 

oxygen atom. 

The disequilibrium parameter (3) for each flame condition 

is shown in Table (VI-3). They are calculated from Bulewicz et 

al (1956), Fig. (V-4). The fact that, their experiments were 

earried out in a different flame and at a fixed height of 4 cm 

above the surface of their Meker burner, makes it rather difficult 

to apply to the flames used in the present study. But, such an 

application would not be misleading. Introducing the disequili- 

brium parameters for each flame, Table (VI-5), the correlation is 

improved. The results again support the hypothesis of OH radicals 

being the oxidising species,by giving a more constant value for & .
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YABLE (VI-4) RATE FUNCTIONS AND CORRELATIONS. 

  

  

  

FLAME NO. (8 [x] eb Ed 
ea, ] 
x 1079 x 1077 

1 8.6 6178.0 3089.0 

2 11.5 3380.0 1161.6 

3 18.5 968.6 103.9 

4 26.2 526.1 30.9 

5 2.88 823.0 110.7 

6 aoe 430.0 22.9 

7 1561 467.5 2762 

8 14.6 561.5 3502 

9 22.3 383.2 19.1 

410 13.8 526.7 2961 

4 16.6 291.2 12.5 

12 45.0 281.3 oe 

13 1567 315.3 14.4 

14 24.2 235.0 7.6 

15 1564 576.7 26.1 

16 14.8 580.3 274 

17 59-3 333-1 79 

18 19.0 208.1 6.6 

19 2304 167.1 4.6 

20 58.6 192.8 3.1       
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6.2. THEORETICAL APPROACH 

Additional evidence for the nature of the oxidant can be 

found from kinetic theory, where the rate function bx] can be 

estimated. At 2000 K and1 atm total pressure the rms velocity 

for the collision frequency is calculated as 7.06 x 10° x we 

cm. eons where M is the molecular weisht of the attacking 

species X. In terms of the partial pressure of X and the number 

of collisions, this can be expressed as, 

6.47 x 10°? x Px we collisions. cm. Bean 

assuming that every X hitting the surface removes a carbon atom, 

12.89 x P x we (er C removed) ene econ 

The initial intensity of the scattered light, could be used 

in conjunction with the particle radius, determined from electron 

micrographs Fig. (VI-4) as 25 nm, of the soot aggregates from 

the primary burner. The relation between the scattered inten- 

sity, and the particle radius could then be expressed as, 

Yo 
T= 10 a. ‘The xate function 6 is then given by, 

[x] Gx 1072 2.6 ay 

v( 41a?) at 

substituting the rate of change in the particle volume (V) where 

v is the flame velocity,
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FIGURE VI 4 ELECTRON MICROGRAPHS 

(a) 

  

magnification x100 

secondary burner off
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(b) 

  

magnification x 2400 

sample taken from secondary 

burner
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TABLE (y1-5) CORRELATIONS REGARDING DISEQUILIBRIUM. 

bb 6b] 
FLAME NO. 

el. 0 lol. 0 

4 372.2 q1.2 

2 218.0 4.83 

3 22965 3059 

4 165.4 3405 

5 254.0 1065 

6 203.8 5.14 

1 22105, 6.11 

8 266.1 7691 

S 192.6 4.82 

jo 33404 11.65 

11 194.1 5°55 

12 199.5 3.62 

13, 23761 8.14 

14 188.0 4.86 

15 461.4 16.70 

16 464.2 A255. 

suit 264.3 4.97 

18 208.1 6.60 

19 167.1 4.60 

20 192.8 3.10        
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[xJ® = 1.39 x 10° p 

rate function is expressed in terms of the partial pressure of 

the oxidant. The average observed value of a[x] is 25 vt. 

which indicates a partial pressure of X to be 1.79 x 107 atm. 

The comparison of the two species in question from Table (vI-3) 

shows that, this pressure while in agreement with the[or] , 

value, is quite large,as far as 3 x 107! atm of [>], is concerned. 

A collision efficiency of 1 in 10 is reasonable for hydroxyl 

radicals, and would allow for a disequilibrium parameter of 2.5. 

For the oxygen atoms to qualify as the oxidising species collision 

efficiency will have to be complete and even then a disequilibrium 

parameter of 8 would be required at temperatures as high as 2170 K, 

which is not the case. It is fair to say that oxvsen atoms are 

7250 times less efficient within the experimertal limits. 

In the light of the experimental evidence and the theoretical 

considerations, the results support strongly an attack by hydroxyl 

radicals in the oxidation process of soot particles in fuel rich 

flames.
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CHAPTER 7. 

Te CONCLUSIONS 

The work was directed towards the nature of the oxidising 

species for soot particles in flames. Use of light scattering 

technique as a diagnostic tool, brought an interesting dimension 

in the kinetic study of such a system. The thesis is organised 

in a way that, previous work concerning the nature of soot vart- 

icles follows a chapter on the general scattering theory, where 

the various experimental basis necessary in the final analysis 

are included in Chapter 4. A kinetic approach to the reactions 

in flames is discussed in Chapter 5. 

When the light scattering from soot particles is mentioned, 

the absorbtion characteristics of these particles should also be 

included. It is well known that, righ particles in flames do 

absorb light as well as they scatter. In fact, two categories 

of previous reports can be found, where in the first, soot part- 

icles are assumed to absorb only and scattering is neglected, and 

the second accepts the opposite case. A combination of the two 

would be a more realistic approach since both scattering and 

absorption have a considerable contribution to the final extinction 

of the incident light beam. Such an attempt was made by the 

author. At 950 nm the absorption process is not obstructed by 

any other particle than soot (Page 1972) hence this wavelength 

wes used in the experiments for absorbtion measurement. It



= 105 — 

wes found that the presence of the flame increased the absorb- 

tion characteristic as if there is twice as much soot present 

in the system, no explanation could be offered for this at the 

present time. Further work concerning the absorbtion of light 

by soot particles in flames was prevented by a lack of available 

time. Hence the research was diverted to scattering measure— 

ments alone. The assumptions made include uniform particle 

characteristics throughout the entire flame and the experimental 

conditions. Since relative measurements were adopted, the 

absolute values of such cheracteristics were not involved. 

Particle orientation and the shape factors were not considered. 

Even though an attack by the oxygen atom cannot totally be 

rejected, the results support strongly that the predominant 

oxidative attack on soot is by the hydroxyl radical. It must 

be stated that the exact description of the sitvation is very 

complex, due to incomplete knowledge of actual atom and radical 

concentrations, exact particle properties such as refractive 

indicies and the shape of clusters. In any future study on 

this topic, one of the major works should be to implement better 

knowledge of the particle properties and attempt to figure the 

actual atom and radical concentrations in the flame conditions 

used. These investigations would be rather tedious and were not 

attempted firstly by unavailable amount of time, and secondly not 

to divert the work to other complex fields of flame studies.
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The conclusion reached here is by considering the above 

assumptions, which further work could eliminate, and support 

strongly the argument put forward by Fenimore & Jones (1967), 

that the very active oxidant hydroxyl radical is the dominant 

oxidising species of soot in fuel rich flames within the pre- 

viously stated experimental limits. Importance of the[sita 

measurements were emphasized within the text, employing such 

a technique makes a crucial contribution to the strong exper- 

imental evidence. 

The author wishes to express his gratitude to Professor 

F. M. Page, without whose invaluable guidance during the three 

most enjoyable years at the University of Aston, this work 

would have been impossible.
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