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ABSTRACT

The purpose of this work is to investigate certain parameter in-
fluencing the emission of thermal radiation from flames produced by burn-
ing a gaseous hydro--carbon fuel. The flame is contained in a vertical
water-cooled space. The following experimental conditions are examined:
a) Effect of adding oxygen to the fuel.

b} Effect of adding oxygen to the air.

c) Effect of air preheat.

d) Effect of halogenated hydrocarbons.

The effect of these conditions on temperature distribution, heat transfer
to the cooling water, flame width and a number of other factors are
analysed,

The general effect of additives was to increase the total heat
flux, with the exception of the addition of small amounts of
oxygen or carbon tetrachloride to the fuel. Addition of oxygen increased
radiation in the lower part of the flame. It also broughtabout a decrease
in flame width. The effectiveness of oxygen in reducing the flame width
was greater when it was added to the fuel side. A somewhat smallexr in-
crease was produced when the air was preheated.

Additions of oxygen increased the maximum temperature but reduced
the mean temperature (T). Preheating the air generally increased both

temperature, while addition of CCl, produced the oppoosite effect. It

4
was possible, using a simplified model, to predict within limits the radi-
ation produced from such a flame by considering only the flame temperature
and the total amount of flame material. The mass of soot plus polymeric

material collected under different experimental conditions showed a lineaxr
dependence on the mean temperature in the region where the blue reaction

zone was observed, and practically no dependence where it ceased to exist.

A possible factor affecting flame emissivity is the C/H ratio of the

soot. This was studied in some detail and it would appear that for C/H ratios



> 7, it is the change in miscrostructure that isvimportant, rather than

in composition,although the limit may in fact be lower, There is, however,
evidence that the concentration of heavy hydrocarbons in the flame is im-
portant and determines the extent of dependence on composition.

Finally the shape of soot particles may modify the radiation and
an attempt was therefore made to analyse this factor. It was found that
the size and number of chain-like agglomerates of soot collected on an
electron microscope grid could be greatly reduced by altering the speed
by which the grid was introduced into the flames. This, together with
the aforementioned dependence of radiation on temperature distribution
and soot weight found in this study, suggests that individual soot
particles agglomerate in chains during sampling, or if they do so in
situ their shape is such that it does not have an important effect on

the flame emissivity.
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NOTE :

0|

NOMENCLATURE

Seven dimensiorns Enerqgy.,E; Force,F;mass,m;length,ﬂ; temperature,8;
time, T; and solid angle, Q- are used to define the net dimensions.

These are in terms of S.I. units unless specified otherwise.

Net

Dimensions

Absorptivity (or absorptance) of a body ‘ -
Monochromatic absorptivity (or absorp- -
ance)
Grey gas-weighing coefficient for a gas mix- -
ture

Area £

Is a constant (equations 2.10 and 2.15 to 2.17)
dimensions depends on that of c, usually m
(Note: In Ch. 7, dimensions = m 'T)

Is an overall constant, its dimension

depends on that of E, usually m_lﬂ.28_l

-1.-1 ~1
(Note:In Ch.7, dimensions= m & TO )

Mass concentration of particles per unit ml

volume of cloud. (Note: 1In Chap. 7, dimension

= MT_i)

First constant in Planck's function, equation ET—lﬁ 2

2.1, = 3.74 x 102 kw w

Second constant in Planck's function, equation £6

2.1, = 1.439 x 102 1K



Symbol

- 10 -

Particle cross-section

(Subscripts refer to absorption,
scattering and total extinction respect-
ively at one wavelength

Specific heat at constant pressure

Soot particle diameter

Inside diameter of combustor

Hemispherical black body emissive power

or hemispherical black body flux density

emitted from a surface unit area

Monochromatic emissive power of a black

body or surface

Total emissivity (or emittance)

Monochromatic emissivity (or emittance)

Number of free conduction electrons

Convective heat transfer coefficient

Average heat transfer coefficient based on
the hot side

Intensity defined as the energy per unit

area normal to the direction of emission per

unit solid angle

.Monochromatic intensity from a real body

Intensity incident on a system of interest
Intensity after a distance L
Monochromatic intensity from a black body

Imaginary part of

Net

Dimensions

£—2

-1 -1
Em 16

gr g3

gr o3

-1 -9
ET £ 2gt
pr 125t

pr 1o %q7!

gr 0”371
I A
gr 17 %q71

gr 2”37t



- 11 - Net

Symbols Dimensions
-1
K Monochromatic extinction or attenuation £
) coefficients
ab,A ; (Subscripts refer to absorpition, scat-
sc,A tering and total extinction respectively)
ex,A
Kp X Subscripts refer to soot particles and gas ﬂ—l
’
Kg A respectively, at one wavelength
14
K Mean absorption coefficient 21
KL Absorption strength (or optical thickness) -
1.2
km ‘Mban specific (mass) absorption coeffi- . m 17
cient, i.e. Km/E
. . -1 -1
(Note: In Ch. 7, dimension = £ "m ~T)
- . . -1 ,-1
kp Specific absorption coefficient on a pressure F [ :
basis
L s . L. ~1,2
kc Specific absorption coefficient on a concentra- m ~ £
tion basis
ki Specific absorption coefficient of the ith Erlé_l
component
kO Constant of proportionality = B cL in a
equation 2.11
L Path length a
. -1
m Mass flow rate mT
m Complex refractive index =n(l - iK) -
n Real part of refractive index -
P, Partial pressure of carbon dioxide FL2
P, Partial pressure of water vapour F£_2
. . th -2
pi Partial pressure of i component L
p Total pressure FL~2
. -1,-2
q Flux density ET £



Net
Symbols Dimensions

Q(Qr,Qc) Flux energy per unit time (where sub- ET T

scripts r and c¢ stand for radiation and

convection respectively)
R Spectral reflectivity -
r radius £
r correlation coefficient -
t Time T
TS,Te Absolute temperature for wall surface on the 6

flame side and flue gas exit respectively
T, Bbsolute temperature at position =z 6
Tsz Local wall temperature at position z 6
Ti’To Absolute temperature (suffixes denote inlet 6

and outlet temperatures respectively)
T Mean temperature across reactor )
Tt Mean temperature across the flame 6
Tmax Maximum temperature (absolute) )
Ar Driving force 0
V(VP) Volume of one particle of projected 13

area ﬂd2/4

p
w Flow rate of water mT-l
X Size parameter (ﬂdp/k) -
z height measured from lowest calorimeter £
K Absorption index -
A Wavelength £
Aph Photon mean free path £
-3

p Density ml



- 13 -~

Net
Symbol Dimensions
(o] Stefan-Boltzmann constant: ETnlﬂ-ze_4
56,7 x 10712 kw/mx?
gA Spectral dispersion exponent (or index) relat- -
ing Kﬁb,x and A - see equation 2.10
9 Mean dispersion exponent (or index) calculated -
for a specified wave band - see equations 2.18
and 2.19
Q Solid angle Q
¥ A constant in equation 7.12 ET_1E365
Y Frequency (= ck_l) T'-l
Key to Selected Subscripts:
Synbol
c Stands for convection unless stated otherwise.
g Non-luminous gases (e.qg. CO2 and HZO)
p Particles of soot
T Total
fk Monochromatic value of a function, where f stands
for any function
fA(T) Function depends on wavelength and temperature
£(T) Function depends on temperature only.

- A-dash on top of any symbol signifies a mean value.



Fig. no.

10

11

12

13

14

15

16

17

18

19

20

(a)

- 14 -

LIST OF FIGURES

Attenuation coefficients of some soots.

Effect of cloud thickness on radiation.

Sechematic representation of soot formation.

Details of a unit of the mechanical sampler.

Stainless steel blind.

Oscillating thermal precipitator.

Sampling probes,

(a) Schematic representation probe and oscillating
thermal precipitator.

(b) Grid holder in thermal precipitator.

(c) Schematic representation of the dust-free space .

Schematic representation of sampling from a free-flowing

diffusion flame,

A general outline of the apparatus.

A vertical section through the burner.

Details of the nozzle.

Details of a water calorimeter.

Details of cap holding Ars3 window.

Details of extension tube.

Schematic representation of the pyrometer focused on ArS3

window,

The thermocouples. (b) Schematic representation of the

thermocouple coating unit.

Diagrammatic representation of the air and gas system.
Effects of varying the fuel flow rate on radiation
(air flow = 300 mg/sec.).

Effects of oxygen on flawe radiation.

Page

227
228
229
230
230
231
232

233

234

235
236
237
238
239

240

241

242

243

244

245



Fig.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

no.

- 15~

Effects of chlorine atoms on the total heat transfer, radia-
tion and temperature.

Effects of replacing the air with oxygen on flame radiation
when 0.029 and 0.054 mole /hr. CCl4 respectively were added
to the fuel.

Change of temperature above the air distributor with time.

Effects of air pre-heat on flame radiation.

Correlation of the. composition of soot and carbonaceous resi~

dues with temperature.

a) Dependence of the C/H ratio of the insoluble fraction
of soot on distribution and amount of input oxygen at
Window 1,

b) Dependence of the C/H ratio of soot on distribution and

amount of input oxygen at Window 4.

c)l Dependence of C/H ratio of the insoluble fraction of soot

on air temperature at Window 1.
Effects of oxygen on the yield of soot.
a) Effects of air pre-heat on the yield of soot.
b) Effects of CCl4 on the yield of soot.
a) Effects of oxygen on the average yield of soot (Window 4),
b) Effects of pre~heating the air and addition of CCl4 on
average yield of soot up to Window 4.
Effects of additives on temperature at Window 1.
Effects of additives on temperature at Window 2.
Effects of additives on temperature at Window 3.
Effects of additives on temperature at Window 4.
Relationship between sooting rate and temperature (T)

The change of bulk temperature along flame length.

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261



Fig. No.

36

37

38

39

40

41

42

16—

Relationship between B/c,. and average composition

2
of the solid particles.
The total emissivity as a function of soot concentration
and flame thickness.

Difference between radiation (ratios) calculated from
model and measured with (X) and without (Y) correction
for gas emissivity (addition of oxygen).

Difference between radiation (ratios) calculated from
model and measured with (X) and without (Y} correction
for gas emissivity (pre-heating the air).

Difference between radiation (ratios) calculated from
model and measured with (X) and without (Y) correction
for gas emissivity (addition of 0.029 mole/hr. CCl4 to
the fuel,

Effects of additives on the total heat transfer.

Variation of the local heat transfer coefficient along the

flame.

Page

262

263

264

265

266

267

268



-17-

LIST OF TABLES

Values of B at various values of emissivity.
Constant relating gA and A of some soots in
the infrared.

Attenuation coefficients of some soots.
Illustration of amount of polycyclic hydro-
carbons at various levels.

List of symbols used to define the experimental
conditions,

Data extracted from work of D'Alessio et al(6).
Values of specific absorption coefficient, gas
emissivity and B/c2 obtained experimentally.

Summary tables of additives.

Page no.

212

212

213

213

214

215

215

216



-18-

CHAPTER ONE

INTRODUCTION

Radiative transfer is of great importance in may applications, e.g.
in glass smelting operations, steam boilers, combustors, etc. The radiant
flux from a unit volume of a luminous flame is a function of the compos-
ition, particle size and shape, temperature, etc., A review of recent work
related to flames indicates that there is yet insufficient information on
the physical and chemical properties of the solid particles formed in
these flames and on the optical properties at flame temperatures.

The effect of the carbon to hydrogen ratio of the solids on the mean
specific absorption coefficient km is still inconclusive and is difficult
to estimate in the wavelength region of interest (0.5-7 um), as direct
measurements on the refractive index m have not yet been made. The exis-
tence of agglomerates, irregqular particles and particle size and refract-
ive index distributions are believed to be further complicating factors(l).
The effect of agglomeration was studied theoretically and indicated that
a considerable error could be introduced in the values of the emissivity
if the agglomeration into chains was not allowed for (2)'(3). Lastly, in-
formation concerning the formation of flame particles is still insufficient
and is needed to assist in the prediction of soot distribution in luminous
flames(4).

In this work, we are interested in the luminosity of flames con-
taining soot, rather than larger particles, such as those formed by car-
bonisation of o0il droplets. Such flames may be represented as a system
composed of very fine soot particles dispersed into a medium of partly-
emitting hot gases., The concentration and temperature throughout the
medium are variable with respect to both time and position.

It is now well established that the radiation from any luminous flame

is made up of two main components: the yellow continuum caused by the
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hot solid bodies formed in the flame as a result of incomplete combustion,
and gaseous species such as HZO' CO2 and CO, which possess band spectra
of appreciable strength in the spectral region (0.5 - 7 um). It has

N - 5-9
been suggested that molecular species may emit in the visible ( )

(10)

and infrared , and that absorption of radiation in the infrared by

unburnt fuel in the central part close to the burner, where a low tempera-
ture exists, may be important(ll): Emission from CO or absorption by
unburnt fuel is, however, relatively unimportant in practical flames,
since they are not in general present in significant concentrations

at such high temperatures(lz).

The process of combustion can be influenced either by varying ex-
ternal parameters, such as nozzle and furnace shapes, flow rate and so on,
which will have a direct effect on the aerodynamics, or by the use of
additives (as in this work). The second method is used to study some of
the parameters which may influence radiation from the flame. This study
will provide information aon the rate of formation of soot in this flame
as well as an indication of the relative level of emission at the exhaust,
which is a function of the rate of burn-up of the solids in the hot com~
bustion gases. It would be ideal if the radiation could be increased
without increasing the level of particulate emission, or even better,
by reducing its level.

The literature on radiation is reviewed in Chapter 2. The import-
ance of various emitters is discussed and a number of laws of black
body radiation are presented. The attenuation of light from particles
and gases is treated theoretically in a following Section, which defines
the conditions when scattering from small particles is negligible and

when Ky 0:}(g% The various representations of the total emissi-

vity are discussed. The exponential form of the total emissivity is com-
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pared with a recent representation obtained by iptegration using Wien's
function rather than Planck's function. The error in using Wien's func-
ion is small for soot, as may.be inferred from Appendix V:

The last thing to be compared in this section is the absorption
coefficient, which was calculated for a number of soots, using different
models, The range of application of the various representations of the
emissivity is also tentétively defined.- In Section 2;3, the condition
under which self-absorption is not important is presented. Its relevance
will become apparent in Chapter 73 where a simple model is discussed.

A detailed review of the factors which affect soot emissivity,
such as mass concentration, soot composition and so on, is given in
Section 2.4. The abundant literature cited made possible a comparision
of the usefulness of optical techniques, as against sampling techniques,
for determining particle size distribution and mass concentration. The
literature related to the soot refractive index (m) is grouped under
three different headings, namely m, 9y and C/H ratio, which simplified
the comparision of the numerous works on this subject. The effect of tem—
perature on the refractive index, and hence on the absorption coefficient,
is presented in some detail. The absorption coefficient is treated in
a separate section, in which earlier findings are partly summarised and
in which work scattered in a number of references is brought together,
probably for the first time.

Chapter 3 is a general review of soot in flames. Several points of
interest are combined here. An attempt is made to reach a better under-
standing of the chemical and physical processes involved in the formation
of soot, as well as the intermediate stages, such as nucleation, coagulation
and surface growth. The microstructure is presented in some detail to serve

a number of purposes. It provides a clearer understanding of the internal
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morphology of soot particles, and shows that the "crystallite" theory
(13} . . . .
put forward a few decades ago by Warren is no longer valid, in compli-

(14,15)

ance with recent models of particle growth and of microstructural

arrangement(lG). A knowledge of the microstructure brings home the diff-
erence between thermal and flame soots and indicates that the structure
L3 n L | ) n n (16)
of soot 1s "turbostatic" rather than "amorphous".
A discussion of the mechanisms is presented, in which thermal and
flame soots are not given separate treatment. This seems justifiable,

considering the nature and morphology of soot produced in these systems

The different works related to the chemical mechanism are reviewed under
three main groups, namely: acetylene and polyacetylenes; polycyclic aro-
matic hydrocarbons and reactive polycyclic hydrocarbons. The idea originated

(7N

from an early review by Homann and Wagner on soot.

The physical mechanism of formation is discussed separately and
provides, together with the discussion of the chemical mechanisms, a good
background for understanding the effect of additives, discussed later
in this chapter, Throughout the various stages of the presentation,
tentative explanations are tendered in order to align various conflict-
ing observations. The existence of a number of definitions for a soot
nucleus earned it separate treatment,

The effect of additives is also treated extensively and is summar-
ised in a number of tables. It includes a wide range of compounds, which
are sub-divided into five groups. Various observations are analysed and
tentatively explained. The lack of sufficient information and the diver-
sity of experimental conditions, position, etc., are complicating factors.
This section of the study on soot pointed to the possible usefulness of
a number of groups of additives. This chapter, together with Chapter 2,
provided the necessary background for the analysis of the results in

Chapters 6 and 7 and influenced the choice of the equation used to estimate
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the gas emissivity and mean specifié absorption coefficient.

Chapter 4 presents the results of experiments made by the authox
on sampling and particle size distribution of soot particles. Two diff-
erent techniques are compared, both using a free-flowing and an enclosed
diffusion flame, so that the extent of agglomeration in these types of
flames is shown. The various problems faced while using these instru-
ments are presented. The importance of isokinetic sampling and the use-
fulness of a numbexr of filters under the present experimental conditions
are discussed in context. The problems involved when thermocouples are
used to measure flame temperature under conditions where soot may de-
posit on it are also discussed in this chapter.

The description of the main apparatus as well as the auxiliary
apparatus is covered in the first section of Chapter 5. The rest of
the chapter deals with the planning of experiments which involved ex-
ploratory studies using the apparatus and influenced the choice of the
most appropriate additives for the purpose of studying their effect on
radiation, as well as the levels of the additives used.

The effect of the additives used on the components of radiation is discuss-
ed in Chapter 6. The first factor presented is the soot composition. This is
treated somewhat exhaustively and includes a number of correlations obtained
by fitting least-square equations to the data of a number of investigators.The
dependence of gA on the concentration of heavy hvdrocarbon species is stressed.

In Chapter 7 mean gas emissivities and mean absorption.coefficients
are determined using the more recent represenation of the total emissivity
and the exponential form are presented for comparison. The oxidation of
soot in diffusion flames is discussed to test the validity of a number of
assumptions made concerning the formation of soot and the role played by
O2 or its products of decomposition. A model is presented which describes

the flame emission in terms of mass ccncentration and temperature. It is
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compared with experimental data. The effect of these additives on the con-
vective and total heat transfer are also examined, Finally, the findings

are summarised and recommendations are made.
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CHAPTER TWO

"REVIEW OF LITERATURE ON RADIATION

2.1 Thermal Radiation

The fundamental law for black body radiation, i.e. Planck's

7
Law, may be represented, since Eb A(T) = HIb'A(T)' as follows(l a):_
14
I, (T) =& o
b,\ - T 7 exp(c,/Ar-1) ° (2.1)

Integration of this equation from 0~ ® gives the intensity emitted

per unit area of a black body and is known as the Stefan-Boltzmann Law:
I (T =g T (2.2)

Real sources radiate less energy than a black body at the same tempera-
ture and the Planck function is reduced by a fraction EA(T), which is
the emissivity of the medium. This is an average of effective emissi-
vity, since the temperature distribution across the flame is generally
variable,

and H.O

Flame emission is mainly due to the banded radiation from CO2 5

vapour superimposed on the continous radiation of soot particles, as pre-

viously mentioned, and the emissivity takes the form
= — - + - .
EA(T) 1 exp( KP,A Kg,A)L (2.3)

where Kb A and Kg A are the attenuation coefficients for soot particles
r 14

and gases respectively. This expression may be derived in a similar way

to that in Section 2.2 considering €

(T) (T) .

A %)
It is relevant at this stage to point out that it is assumed that

we are dealing with diffuse emitters, i.e. there is no important variation

of emissivity with angle of emission. The emissivity or absorptivity will

therefore not be definedas a function of angle of emission or reception.

In order to simplify the equations, the emissivity and intensity will
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henceforth be presented without indicating their dependence on tempera-

ture, as was done above,

2,2 Theoretical Treatment of the Attenuation of Light

2.2,1 By a suspension of small particles

If a plane parallel monochromatic beam of intensity I and wave-
length X is incident on a cloud of absorbing/scattering particles in a slab
of thickness dL, the incident beam will be attenuated, in the absence

of multiple scattering, by an amount

dr _
- E—- = Kex,}\dL' (2.4)

where KEx is the constant of proportionality due to both scattering and

'A

absorption. It is called the extinction coefficient and is equal to the

sum of the coefficients of absorption, and scattering, K

Kéb,k sc,A’

If Kex A is independent of position, then equation (2.4), when integrated,
14

becomes

IL,A = Io,A exp (- Kex,AL)' (2.5)

and the intensity extinguished by the cloud may therefore be given as

Iex,k = IO,A [ 1l - exp(- Kex,AL)] . (2.6)

The monochromatic extinction coefficient for a cloud of spherical parti-

cles of the same composition is represented as

Kex,l =.)fN(r) CEX,AFI) dr. (2.7)

where the total number of particles per unit volume, N = J.N(r) dr and
N(r) dr, represent the number of particles in the unit volume falling
within the size range r to r + dr.

If the particles are very small in comparison to the wavelength,
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to the extent that the applied field may be considered homogeneaus, and
if the field inside the particle is in phase with that outside, then the

Rayleidh- approximations may be used to calculate the scattering and the

extinction cross-section, as follows(l7bl:
GHVb m2_l
C = = Im
ab,A A <m2+2> (2.8a)
24H3V 2 2 2
c - m-1 . (2.8b)
sc,A }\4 m2+2

In the case of soot particles, their size is small with respect

to the wavelength of thermal emission, and therefore K > K '
ex,A Tab,A

' > > . ion (2.7 i
since Cab,A Csc,A Thus from equation ( ), Kab,A may be written
as

- 2
6lic -1
K = - Im . (2.9)
ab, A AR (;2+2)
) <
if —~ = NV =fN(r) v(r) dr.
P P

Equation (2.9) implies that the absorption coefficient per unit mass of
the particle cloud is independent of particle size or size distribution.
The value of the refractive index of soot at flame temperatures
has not yet been determined experimentally in the infrared. Room tempera-
ture measurements exist and have been theoretically extrapolated to flame
(18) : -
temperatures . In order to avoid the problem of determining the re-

fractive index, empirical relations are resorted to.

It is possible to write equation (2.9) as

« vl
Kab,>\ A

if m = constant, The refractive index, however, varies with wavelength

and the modified equation is usually employed, wheiz2 B and 9 are constants
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and gA-l in the infrared, as follows:

—39
Kap,A" B S A% (2.10)

The monochromatic emissivity of the soot cloud may be represented, through

substitution of equation (2.10} in equation (2.3),wiﬁ1Kg z O, giving

€ =1 - exp(,—B'E)\g)‘L). (2.11)

P, A

The previous calculations are based on the assumption that the parti-
cles in the cloud concerned are spherical and very small compared to A

7
and lm]/)(where m is the complex refractive index)(l P)

. If the same

number of particles agglomerate into larger spherical particleg (maximum
size governed by previous restrictions), there will be no change in the
absorptivity, since N YP is constant. If, however, agglomerates are slight-
ly elongated, as soot particles often appear in electron micrographs, the
absorptivity will increase. The effect of elongation has been treated in

several reports(2'3).

2.2.2 By a solid-free gas volume

The attenuation of a monochromatic beam of intensity I by an isother-

mal slab of absorbing gas of thickness dL may be represented as

-dr = K I 4an.

g,A
The intensity absorbed after passing through a path of length L of gas
is

Ion = Ton [1- exp(- Kg'AL)]. (2.12)

The above equation is correct provided that KX A\ is independent of position.
r

Suffixes ab, and O stand for absorbed gas and value of the intensity at
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L = O respectively. Kg,A is represented for engineering calculations
as a function of partial pressure of the gas component (Ekp pl rather
than molar concentration (= kC c) , where kp and kC are the specific ab-
sorption coefficients,

The quantities inside the brackets on the right-hand side of equation
(2,12) represent the monochromatic absorptivity of the gas, which is also

equal to the monochromatic emissivity. The latter may be represented as

£ =1-exp(— K .L). (2.13)

gy>\ g.>\

If the gas mixture is grey, i.e. Kg,l does not vary with wavelength, then
within the gases in question its total emissivity may be written in the
form of Bouguer's Law, equation (2.13). Real gases, for example CO2 and
H20, emit in discrete bands in the infrared, and the contribution to the
emissivity varies with A, If, however, the gas in question is visualised
as a mixture of grey gases, it is still possible to represent the emissi-

. . . . 7
vity in an exponential series form as follows(1 C):—

n
= a .|l - exp(-k, .IJ]
eg:)\ 2;1 gll[ *P 1P1 !
n
on condition that (i): 2: a , =1
Aoy g,1
i=1
and (ii): all values of a are positive,

where ag i is the fractional amount of the ith component or the weighting

14

factor and kipi is the absorption coefficient.
Both these restrictions imply that E:g X < 1l. The k= 0O term corres—
’
ponds to the "windows" in the spectrum between the strong emission bands.

The accuracy in the value ofg:g N increases with the number of terms pre-
’.

sented for fitting. For example, at 1371 K a mixture of three grey terms

and one clear term adequately represents the emissivity of an equimolar

mixture of C02 and H20(17C).



-29-

Taylor(lg) produced a number of curves by which the total gas

emissivity Eg may be obtained from values of (pw + pc)L at various temp-
’
eratures, The method followed was fitting points evaluated from General
. (20) , . . .

Dynamics data into a four-term model in which k is assumed to be
independent of temperature and the weighting factor alone bears the effect
of temperature, The methods of fitting the above exponential series

to emissivities of CO2 and Hzo and to gas/soot mixtures will not be dis-

cussed here, since it is not of immediate interest and has already been

discussed in detail elsewhere (17c), (19), (21}.

2,3 A General Discussion concerning Flame Emissivities

In the last two sections, the attenuation of a monochromatic beam of
light was discussed for the case of a solid-free gas and a suspension of
soot particles in a non-absorbing medium. In hydrocarbon flames there are

a number of possible effects, such as:-

(i) Absorption of solid-particle radiation by flame gases;
(ii) Self-absorption of gas radiation;

(iii) Self-absorption of particle radiation;

(iv) Absorption of gas radiation by solid particles.

The above factors will influence the measured effective radiant tem—
perature (spectral and total) of a flame, provided that the optical thick-
ness of the medium is not very much less than one. If, for example, the
flame temperature is cooler on the outside than on the inside, then the
temperature measured by a radiometer will be low, since the effective flame
emissivity is derived from the total absorptivity. This effective temperature
will therefore depend on the extent of self-absorption in the cold boundary
of the flame and will decrease for a given flame with size of the colder

surrounding absorbing fluid outside the flame core.
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It should be noted that the extent of absorption of the solid parti-
cles and of the gaseous species CO2 and H,0 vapour will be different, This
is because the absorptivity of soot particles increases with a decrease in
the wavelength of radiation (i.e. with an increase in temperature), while
on the otherhand the total absorptivities of CO2 and HZO’ or of other possi-
ble absorbers, such as unburnt fuel close to the burner, decrease with
temperature (ll).

If the optical thickness of the flame is wvery much less than one, which
is gometimes referred to as the optically thin limit, the flame would be
expected not to absorb any of its emitted radiation(zz). Any photon emitted
inside the flame is expected to reach the bounding walls, as the photon
mean—free path is much larger than the characteristic dimension of the flame
(i.e. the diameter, in the case of a cylindrical flame).

T - L << 1
= 5 ’
£,A Aph

where I':A is the optical thickness (KL) and Aph the photon mean-free
path, In most industrial applications, self-absorption of flame radiation
by the various fluid elements is important to various extents.

The second and last point to be discussed under this heading is the
various representations of the total emissivity and displacement constants.

The total emissivity of an isothermal volume of a soot-laden gas is,

by definition:

oo
1
€ = — [ .
- i f A Ep A9 (2.14)
gT
o
where Eb A is the Planck function. In predicting Epr @ problem arises
!

due to lack of detailed information of the spectral properties of flames.

The integral equation (2,14) may, however, be evaluated graphically, from
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the values of absorptivity and spectral temperature of the flame ob-
tained experimentally at various wavelengths over the range of interest,
This can be done by a number of established procedures, e.g. the Schmidt
method, using a number of filters . Information concerning this
method may be found in references (11) and (23-253).

If integration is to be avoided, total emissivity can be obtained with
little error by substituting in equation (2.11) the value of X which
divides the black body energy spectrum (obtained from Planck's Law)
into two equal parts. The emission mean wavelength is determined at the
cloud temperature, where AO 5T = 0.4107 x lO-2 mK, so that equation (2.11)

for the infrared becomes

ep = 1 - exp(- 3.501 BE‘LT/cz) (2.15)

where the above exponential index divided by L is the absorption co-

efficient K
b .
a 'Ao.s

If, however, Wien's function,

-5
Eb,k = clA exp(-cz/AT),

is substituted for Planck's function in equation (2.4), the total emissivity

may be represented as

-4

E-:T =1- (1 - BcLT/c2)

(2.16)

Although Wien's function is valid in the region T <0.3 x 10_2 mK, the error

is expected to be small for soot particles (see Appendix V).
(17a)

Hottel and Sarofim provided a new displacement law (or constant),

which was obtained algebraically:-

AT = 0.3670 x 10 2 K.
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AT-1s the spectrum which econtains maximum energy per unit fractional
change in the interval AT. When this value is substituted in equation

(2,11}, it becomes

€ep = 1 - exp(-3.9207 BEiT/cz). (2.17)

Equations (2.15) and (2.17) will compare well with equation (2.16) when

. 2
the emissivity is in the vicinity of 0.65 and 0.15 respectlvely( 6).

These values are obtained from Table 1, which was compiled by determining
the constant B in equation (2.16) for different emissivities. By forcing
the aforementioned equation in the exponential form, the corresponding
constant, say B', was evaluated for the same emissivities.

(12) . .

Heap and Lowes compared methods of evaluating attenuation co-
efficient for a number of soots using the same properties, namely mass
concentration, density, temperature and characteristic dimensions. The re-
sults are shown in Fig. (1). The first coefficient, Kl, was evaluated

. . (17e)
from ET calculated from the Mie series . The second, K2, was cal-

. (27) . . s :
culated using Hawksley's approximate expression for the extinction
coefficient and assuming a rectangular hyperbolic relationship existing
between K and A. The third, K3, was evaluated using the displacement
constant, = 0.4110 x 1072 k.

Comparing Kl to K4 (where K4 = 3.9207 BtT/c2) in Fig. (1), it
is possible to conclude that no fixed relationship exists with the soots
reported. Generally speaking, it is difficult to say which method will
give values closest to Kl because the variationof optical properties of

. . . .. (26)
the soots with A is unpredictable. A reasonable guide is that K3
will give a more correct estimate of the absorption coefficient if the
= 0,65, whereas K

total emissivity is in the vicinity of ¢ will give the

T 4

more correct value if it is in the vicinity of €p = 0.15. The agreement

of Ky with increase in emissivity can be inferred from Fig. (2), i.e. an

-
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imaginary line which divides the black-body spectrum into two halves
will nearly coincide as L tends to 1.0 m. The same effect on emissivity
is produced with an increase in particle mass concentration.

The above values of the emissivity repre<ent the result of eval-

uating the ratio of the overall constant in an equation of the form of

C e 6
(2.15) and in equation (2.16) for various values of the emissivity ZIt

may be observed from Fig. (1) that the values of K, are generally in

agreement with thossof K, than in K3.

To conclude this section, it should be pointed out that emissivi-
ties and absorption coefficients obtained experimentally for the entire
flame, though useful, are subject to various forms of bias, since the
concentration of emitting species and the temperature profile varykalong,
as well as across, the flame. A better representation of total flame
emissivity could be calculated if the total radiation, temperature
and soot concentration were known at various points across the flame
Details of the methods available for measuring the local radiation in-

side a flame may be found elsewhere(23’24).

2.4 Factors Which Influence Soot Emissivity

The properties of soot which affect emission from a flame are:-

1) mass concentration;
2) refractive index (C/H ratio, complex refractive iﬁdex and dispersion

exponent) ;
31 particle size and shape;
4) particle density.
In this section, these factorswill be examined, the work of many authors
and their contribution will be reviewed and the relative importance

of the individual factorswill be discussed.
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2,4.1 Mass concentration

It may be inferred from equations (2.15) to (2.17), in which

K = BcT , that the concentration of soot in a flame is amongst the fact-

ors which have a significant influence on its attenuation capacity.

2.4.2 Refractive index:

a) Carbon/Hydrogen Atomic Ratio (C/H):

The C/H ratio has been used for some time to measure the inner
rank, as well as the structual change, in coal. Coals with a C/H ratio
< e (28) .
of less than 1.4 are classified as low-rank coals . There is some
concensus that the chemical composition of soot may have an important
effect on the emission coefficient, i.e. the radiant emission from a
flame. The atomic ratio of carbon to hydrogen of soot in flames is

generally believed to be about 8:1(25b).

Sato and Kunitomo(zg) studied the variation of the C/H ratio
with distance from the burner for a number of liquid and gaseous fuels
The ratio for the various flames generally increased, approaching a
constant value which varied between 2.78 and 8.33 at the far end of
the furnace, Their next step was to study the effect of chemical com-
position on the specific absorption coefficient km determined experi-
mentally. They observed that in most cases the value of km, calculated
using an exponential form of the emissivity, corresponded inversely
with the C/H ratio of the solid particles, though on the whole the
effect of chemical composition was small. This was a useful conclusior,
as the scatter observed in the points representing particle emissivity
and effective emission thickness of a number of fuels could then be

mainly explained by the effect of particle size distribution. The parti-

cle size in some cases ranged up to 100 um.
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(30)

Lowes and Heap , however, found no correlation between the
calculated mean specific emission coefficient km and chemical composition.
The data used to calculate km were based on room temperature values of

the complex refractive index for a cloud having a mean particle dia-

meter of 0.03 um and a density of 1.65 x 103 kg/m3. Interesting features
of the plot were the wavy appearance of the km vs. carbon content curve
and the fact that soot with different origins but equal carbon conten-

had different emission coefficients. For example, for a composition

of 99.5 per centicarbon in the 1-5 jum range computed values of km for acety-

3 3

lene and sterling soot were 1.4 x 10~ and 1.15 x 10 m2/kg respectively.

Results obtained on small laboratory-scale flames were somewhat

different. Millikan(31)

showed that the mean dispersion exponent I

of soot is approximately proportional to the inverse of the C/H

atomic ratio in the spectral range (0.33 - 1.0 um) for a number of pre-
mixed flames of ethylene/oxidant and one acetylene/oxygen flame. The
soot composition from the plots arpeared to vary between C1.8H and Clo ’

and within this range the mean dispersion exponent varied between

1.9 and 0.9. Their data can be represented approximatély as:

2.45
g:

o o/ + 0.66. (2.18)

Another relevant study was presented by Siddall and McGrath(32).

They ihvestigated the dependence of the mean dispersion exponent =

(in the infrared) on the C/H ratio from soot produced by burning a
number of gaseous and liquid flames, and suggested that the plot showed
a linear correlation. These data were plotted by Jones and Schwar(l).
While determining equation (2.18) above, however, 9, showed a higher

linear correlation with the inverse of the C/H ratio, resulting

in the following equation:-
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.7368
Iy = C_jH— + .7956 (2.19)

There is no direct correspondence between equations (2.18) and (2.19),
as would be expected, since they do not refer to the same region of
the spectrum. Other aspects of equation (2.18).will be presented in
Chapter 6.

The effect of temperature on the composition of soot samples
has been noted by Bonne and Wagner(g). When they re-inserted a sample
collected at a height of 27 mm into the flat flame used in the experi-
ment for a short while, the C/H atomic ratio was increased by approxi-
mately a factor of 5. They believed that the reduction in the amount
of hydrogen resulted from evaporation of the more volatile hydrocarbons
absorbed on the soot. The formation of these hydrocarbons with low
C/H atomic ratio has been discussed in a number of publications, e.qg.

by Long et al. 338 Lng others (39740:6)

A few years later, Homann and Wagner(7) studied the variation of
C/H ratiowithheight in a flat acetylene oxygen flame. There was a
step rise up to a value of about 20 mm, corresponding to a soot mole-
cular formula of C6H‘ This corresponds to the region in which young
soot was growing from "adding" polyacetylenes. The second stage of
growth was less steep and approximately linear. The first soot parti-

cles collected here had a molecular formula of approximately C4H at

about a height of 14 mm and increase to about C14H at 40 mm.

6
A similar trend was recently observed by D'Alessio et al( ),

who studied the variation of C/H ratio of soot produced in a flat
pre~mixed methane/oxygen flame according to distance from the burner.

The first soot collected had a molecular formula C, ,H, which shows

2.4
a high hydrogen content. Although the latter decreased with distance,
it was still present in considerable amounts at a height of 30 mm

(C/H~5.6). They also determined that polycyclic aromatic hydro-
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carbons may account for up to 30% of the hydrogen in the collected soot.

Although heights have been mentioned during the discussion above,
this was only to indicate the speed at which the change in temperature occur-
red and the stages of particle development.

b) Refractive Index:

The complex refractive index of a medium may be written in
the form m = n(l -ik), where n and g are the indices of dispersion (real
refractive index) and absorption respectively. It is usually measured
at room temperature, as it is not yet possible to determine its value
by measuring directly inside the flame, with the possible exception of light
scattering methods for particles of narrow size distribution(3o). Foster
and Howartﬂ4l) determined the refractive indices of soot collected from
a number of oil flames in the wavelength range (1.0 - 5.0 um) by measuring
the reflectivity of each sample. A similar study was made by Dalzell and
Sarofim(42) on soots from acetylene and propane flames. The spectral
range of interest was extended to include the visible and near infrared
up to 10.0 um. Values of n reported in the visible appear to be nearly
constant, unlike those reported by Senftleben and Benedict (see ref. 43)
for carbon, where it increases slightly with an increase in ).

(44)

Lowes and Newal commented on the optical constants of soot

obtained by the authors mentioned above by suggestingthat there was tend-

ency for the dispersion indices of soots to increase with C/H, but that

there was no obvious correlation that could explain the variation of absorp-

tion indices, This is interesting, since previous findings by McCartney and
(28) . . os

and Ergun in the green (0.5 - 0.57 pm} indicated that the absorpt-

ion indices of coal appeared to be a much more sensitive measure of the

structural variation of composition of graphite and coal than the disper-

sion indices, They gained this impression from plotting their results, as
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well as those of others, for maximum dispersion and absorption indices

in the formof a logarithm against the inverse of the C/H ratio. Only in

the case of the absorption indices did the increase tend to follow a
logafithmic straight line relationship, within the range of 1.70 & C/HS 5. A
similar plot of the variationof reflectivity with C/H suggested the follow-

ing approximate relationship:=-

Ry = Rg')\ exp(~3.6 H/C),

where R A is the reflectivity of graphite. The authors(28)

were, however,
unable to explain what this constant stood for theoretically.

It is worth noting that the logarithm of the resistivity
of a number of coal samples was found by Waters(45) to be inversely proport-

ional to the C/H ratio (i.e. between 1.75 and 5). Since the reflectivity

is inversely proportional to the resistivity, this corrobcrates the above re-

lationship. Above a C/H ratio of 5, the resistivity of the coals tended
to a constant value, though their hydrogen content was still high. This
is interesting, considering that the dispersion exponent g of a soot
(measured in the visible) tended to a constant vlaue when the socot's com-
position was > C4.3H(6). It is by no means implied that 95 is synonymous
with the resistivity, but that their similar behaviour is deserving of
comment,

The magnitude of the error which would be introduced if room
temperature values of m were used to calculate the emission of soot at
high temperatures could present a real prcblem. Theoretical computations
using a typical room temperature refractive index of (2.10 - 0.7 i) showeé3oi
however, that, for a change of temperature between 1250 and 1750 K, the mean

specific emission coefficient km(mz/kg) was reasonably affected only when

the particle diameters were given values < 1 um. The range studied was up to
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3 dm. At dp < 1 pm, however, the maximum value of the specific emission
coefficient was shifted to smaller diameters, as the value of the tempera-
ture was increased: this effect is sometimes termed 'black-body shift'(BO).

The above authors illustrated in a number of curves the effect of
varying only the absorption index of the above room temperature refractive
index on the value of km. It was possible to deduce from these curves that,
for a soot cloud of average particle size ~0.05 um and at 1500 K, an
increase in the absorption index k from 0.33 to 0.40 is at lease one- and
a-half times as effective in increasing the value of km as a temperature
increase of 250°C.

Howarth, Foster and Thring(ls) had, some time ago, calculated the
values of n and k at various temperatures for the case of a perfect graphite
crystal, using a dispersion equation derived from classical electron theory.
These were used to calculate the "normal" reflectivity of a plane surface.
In order to test the validity of their theory, they plotted experimental
values obtained by Grenis and Levitt(46) for pyrographite, using RA = €y -1,
where RA is the reflectivity at a wavelength A. There was good agreement
with ﬁhe values of RR obtained theoretically down to a wavelength of
about 0.5 pm. At this value, the predicted reflectiviﬁy did not vary with
temperature. They were aware that, as a result of certain assumptions,
the model may over-estimate the effect of temperature. Judging from their
results and the difference between soot and graphite, they believed that
the effect of temperature on k; for soots is negligible. B

Dalzell and Sarofim(42) stressed that the optical properties of
soot cannot be equated with those of amorphous or graphitic carbon, mainly
due to the differences in chemical composition, i.e. C/H ratio, and partily
as a result of the differences in structure. They admitted some reservation
about the procedure by which Stull and Plass(47) and Howarth et al(ls) ex-

trapolated their room temperature measurements of n and k¢ to flame tempera-

tures. Their reservation was based on the fact that the values as well as
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the temperature dependence of the constants in the dispersion equations
were not definitely known.
From their own conclusion, as well as the existence of other relevant
works whichalso point to the "near zero" dependence of m on temperature
(48)

e.g. Bennett and Porteus for carbon at 0.65 pm and Ditchburn (49) gor

graphite in the infrared - Dalzell and Sarofim suggested room temperature

values of the optical constants of soot were valid at normal flame temperatures.
An interesting study was undertaken by Boynton et al.(so), in an
attempt to evaluate the spectral and temperature dependence of a cloud of
small 'carbon'particles. They extended the calculations of Stull and Plass‘47)
for carbon in bulk form from 2500 K down to 1000 K. The range of wave-
lengths studied was between 1 and 4 pm. At temperatures below 1700 K,
there was good agreement between theoretical predictions of spectral change
of k with their experimental data, as well as the value of k obtained from
data on transmission compiled by Hottel and Broughton(SI). Above 1700 K,
the theoretical and experimental values diverged. The disagreement between
the experimental and computed values of k decreased with a decrease in
wavelenth, so that at A = 1 pm there was good agreement to about 2000 K.
In the temperature region T > 1700 K, k appears to depend only on tempera-
ture and very little on wavelength.
It is interesting that the complex refractive index of coal is also in-

significantly changed with temperature up to 1700 K(Sz).

(53)

Beér and Howarth reported discrepancies between the calculated
and measured absorption coefficients for soot from a plug-flow type oil
flame at 2000 K. An electron micrograph presented by the authors showed
that the particles had a hexagonal appearance. This is important, as it
indicates that graphitisation could occur at temperatures much lower than

2730 K in flames without stabilisation near the burner, which explains the

high values of km, e.g. 0.032,1=2.79 pum, obtained under such conditions.
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This value is close to the theoretical limits of km for small particles(SB),

i.e. m=1~- 1 1.6. Data of n and K obtained by a number of investigators
for a cloud of small particles (soot, carbon) are plotted, together with
calculated absorption coefficients in the above reference.

It is not possible to be conclusive at this stage, however attractive
this explanation may be, as to the cause{of the disagreement between theory
and experiment above 1700 K in the paper of Boynton et .al. This is because
it is not possible to observe the structure of the particles from stereo-
graphic photomicrographs in the paper, and because the authors have not
mentioned the presence of graphitised particles, although they were able

to distinguish individual particles at oxygen/fuel ratios > 1l.6.

c) Dispersion Exponent (g):

It is clear from the previous sub-section that the spectral variation
of the optical constants of soot in the wavelength range important to ther-
mal radiation, i.e.0.5 - 7 pum, has not yet been determined in flames in situ.
Fortunately, the monochromatic absorption coefficient obtained experimentally

can be represented as

« X
A

where 9 is the monochromatic dispersion exponent and includes the effect

X

of soot composition, structure, temperature and wavelength (see egquation
(2,10} . The dispersion exponent has already been discussed in connection
with C/H ratio or refractive index. The concern of this sub-section is to
describe the experimental as well as present some of the most important
work involved in obtaining the constant.
(54) . . . .
Rossler determined the monochromatic absorption coefficient by

measuring the monochromatic transmissivity TA of soot deposited on an

uncooled glass plate, using an equation of the form
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)\ = I = exp(— K\L) ’

where IL A is the intensity leaving a plate of thickness L. The walue
14

of g, was obtained from the slope of a plot of

I
i1n 1n IO'A =1n ky - g 1nA .
L,A

The mean dispersion exponent I variedlbetween 0.75 and 1.43. It was
found to depend solely on the type of fuel used and showed no dependence
on the thickness of the deposited layer of soot which is contained in ko.
The wavelength range studied was 0.35 < ) <10.0 um.

Hottel and Broughton(5l) obtained a mean value of g = 1.39 for soot
in an amyl acetate flame from two temperature measurements using a red and
green filter. ' This value was in excellent agreement with the value of 1.4

obtained from Becker's(SS)

transmissivity data for the same fuel. This
also tested the validity of the two-colour method developed by the authors.
As a result of plotting the transmissivity data obtained on flames and soot
deposits by previous authors, they suggested that a value of 9, = 1.39
should be used to measure EA from the green to the red, and that a value
of 9, = 0-95 was more suitable in the range 0.8 < A < 10.0 pum.

Since the value of 9, for different fuels was obviously not the
same, Hottel and Broughton's next step was to evaluate the magnitide of
the deviation. The results indicated that the error in the value of the
true temperature introduced by an error in the value of 95 is relatively
small and may be reduced with an increase in optical depth of luminous
flames. Conversely, it can also be inferred from these results that the
temperature is more or less independent of the value of 9, within this range.
There was also close agreement between measurements of g, on an uncooled

glass plate and in flames in situ. A similar conclusion concerning this

31
agreement was later reached by Millikan( ), using an extinction technique
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only. Agreement between flame and plate measurements was, however,
obtained only in the case when the plate used to collect soot was water
cooled.

A related study was undertaken by D'Alessio et alf6), who plotted
the dispersion exponent of a flat, pre-mixed flame in the visible from
light-scattering and extinction measurements on a flame and on a cooled
quartz plate. The results obtained from both methods also mgtched well.
Their analytical results indicated that extinction up to a distance of
8 mm from the burner mouth is representative of absorption by a fluid
phase of boiling point > 673 K. At and beyond this distance, soot parti-
cles were deposited on the cooled quartz plate. The contribution due to
sclid particles becomes important with distance. The dependence of
9 on the amount of polycyclic hydrocarbon was important up to about
17.5 mm, after which it tended to a constant value of about 1.42; this
is close to the approximate value of 1.50 obtained by Bonne and Wagner(g)
using a flat acetylene flame. 1In this region, although the amount of hydro-
gen present is still considerable, 9y tends to be independent of the C/H
ratio. The authors believed that I in this region is only dependent on
particle size. It is interesting to observe that the maximum value of

gy measured for the early soot formation region very close to the burner

is greater in both the studies in question than the theoretically calculated

limit of 2, which has been suggested by Rossler(54) and by Siddall and
McGrath(sz).

The dependence of the dispersion exponent g on wavelenght was
studied in some detail by Siddall and McGrath(BZ). A number of liquid

and gaseous fuels were chosen to produce a distribution of mean soot parti-
cle diameters. Their general conclusions were as follows:-—
i) A parabolic representation is required to describe the overall

variation of 9 with );
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ii) In some cases the dispersion exponent can be represented as
9, =a+ bln A,
where a and b are constants for a particular type of soot at a
given temperature. An equation in this form may alsoc be used to re-
present the variation of A over a short wavelength range, i.e. from
1 to 2 pum with reasonable accuracy.
iii) A constant value of 9y is satisfactory in the visible. Although
it may be possible to represent the range (1 - 8 um) by one value
of = this may produce misleading results in the region where =
varies greatly with A. The mean values of gx corresponding to
the various soot samples varied between 0.77 and 1.25 in Siddall
and McGrath's case. However, most of the values of g, Wwere rea-
sonably close to one.
Dalzell and Sarofim(42) derived a procedure to calculate the real
and imaginary components of the refractive index of soot. This was achieved
by fitting a dispersion model to data of optical constants of propane soot.
By means of this model, they predicted that an increase in the number of
free (or conduction) electrons per unit volume Fc’ would result in an in-
crease in the value of Ky and a decrease in the value of the dispersion
exponent gy ( = BlnkA/BlnA). The study covered the following spectral
range: 0,4 um < ) < 10 um.
The experimental values of g5 and Im reported by various workeré6'51'54)
range between 0.65 and 2.4. This is very close to the theoretical range of
0.7 <gA < 2.1, which represents the minimum and maximum of values of 9
computed for a ten-fold increase in Fc using two different models(42). On
the basis of this evidence the difference in the value of the refractive
index m and dispersion exponent reported by various investigators could be
due mainly to the difference in C/H ratio of soot and partly to its mole-

cular structure as had been suggested by Dalzell and Sarofim(42).
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Conclusion:

Tﬁe carbon/hydrogen atomic ratio varies along the flame height
and with_fuel type. A linear correlation between C/H ratio and the dis-
persion exponent of a number of fuels has been suggested by Millikan(Bl).
Others do not believe thgt variation in this parameter had an important-
effect on spectral emissivity or was correlated to the emission coeffi-
cient.

The determination of the complex refractive index of socot still
poses serious problems. Values at room temperature have been cbtained
by measuring the reflectivity of soot samples. The effect of temperature
on the complex refractive index is still inconclusive. The evidence
compiled here suggests in general that flame temperature values will not
differ to any great extent from those cbtained at room temperature. The
different values of the refractive index (m) the difference in C/H ratio
of the soot and partly due to its molecular structure.

Attempts to determine the effect of temperature (or composition) using
dispersion equations are liable to be somewhat misleading, since many of
the constants required have only been evaluated for carbon or graphite.
There is some doubt about the values of the constants and their temperature
dependence. However the information they provide is needed in cases
where experimental results are not available. The effect of an increase
in C/H ratio could theoretically be accounted for in terms of a change in
the value of the free electron concentration Fc. The different values of
dispersion exponent in the visible and in the infrared, reported in litera-
ture, can also be accounted for by an increase in the value of the Fc cor-
responding to an increase in C/H ratio. These conclusions were reached
regardless of the effect of temperature on the concentration of free electrons.

The dispersion exponent g) may be related theoretically to m using

equations (2.9) and (2.10). It is a useful criterion for determining the

effect of A on the absorption coefficient. Mean values of 9, of 1.46 and
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1.0 represent the visible and infrared respectively. Although the latter
value of I is representative of the whole spectrum in the infrared,

the mean value may give incorrect results within a given spectral range
(see section 2.4.2 and 2.4.5). Finally, gy, does not appear to be de-

(32)
pendent on particle size of soot in the infrared region of the spectrum,

(6)
unlike in the visible where a dependence on dp is indicated.

2.4.3 Particle Size and Shape:

The mean particle diameter of solids formed in a flame is a function of
of the fuel used and the aerodynamic conditions since the formation and
subsequent growth or destruction of the soot particle will depend on the
oxygen/carbon ratio and temperature in its vicinity. Due to the diversity
of sources of soot, average diameters vary between .025 and O.1 um, when
measured from electron micrographs. However, larger particle sizes 0.2 um
may be formed in flames burning liquid fuels.

A distribution of pgrticie sizeAexists in flames and any one position
in both the horizontal and vertical directions. Therefore it is essential
to know the type of distribution or the effective mean diameter for any
particular application. There are numerous techniques for particle size
determination. The most useful, considering the size range discussed above
are:

i) electron microscopy.

ii) optical techniques, namely by light scattering and extinction.

a) Electron Microscopy:

Particles collected on an electron micrograph usually appear in the

form of agglomerates. The distribution of their positions is random which

suggests that there is a possibility of their being formed in the flame:(56)
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The agglomerates are composed of primary particles, which may have been
a spherical appearance. The force which binds the primary particles to form
the agglomerate is relatively weak, unlike that which keeps the primary parti-
cles together. In fact each primary particle is itself made of very small
particles permanently fused together(l4'15).

A method for characterising the shape of soot agglomerates was pre-
sented in two parts by Medalia(57) and Medalia and Heckman(ls).

Experimental evidence from both pyrolysis and flame studies indicates
that particles may exist in other forms than as cross-linked chains; A de-
tailed electron-microscope study of carbon formation during pyrolysis of
hydrocarbons was undertaken by Johnson and Anderson(ss). They illustrated
that it was possible by manipulating the pyrolysis temperature (823<T <
1273), the concentration of acetylene (<20% by volume), and the contact
time ( > 9 seconds), to obtain a range of particle types from poylmers to
chain-structured particles.

The above-mentioned conditions cannot be compared directly with
condi tions under which soot is formed in flames, since the residence
time in the pyrolysis region of , for example, a diffusion flame, is

~10 seconds. Residence times in premixed flames are much Shorter. A re-

(58)

levant point, discussed in the paper by Johnson and Anderson is the
effect of the pyrolysis temperature on the size of the primary particles

in an agglomerate. Above 1273K the size of the primary particle decreased

with temperature; the opposite trend was established for temperature in-

crease > 823K, i.e. the size of the solid sphere increased. In general
the size of primary soot particles is smaller the higher the linear velocity
of the gas and the smaller the diameter of the pyrolysis tube. It is in-

dependent of the chemical mechanism by which soot nuclei are formed or

that by which they subsequently grow(sg).

(59)

Tesner studied the pyrolysis of methane and acetylercunder tem—
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perature and residence times comparable to flame conditions. He con-
cluded that agglomeration of soot cannot occur in the region of "intensive"

formation and growth of primary particles, due to the outward flow of hydro-
gen from each particle. Hydrogen results from chemical condensation reactions
and from the decomposition of hydrocarbon molecules on the soot surface.

In another study of Tesner(6o) presented a curve relating the
rate of particle formation to height along a diffusion flame. The fuel
was 99,4 per cent methane by volume and 240 m in height. The rate of
particle formation rose very slowly up to about 5 per cent m of the flame
height and few particles seemed to have been formed. In the region be-
tween 54 and 67 per cent of the flame height, on the other hand, the curve
rose sharply. This was the region where the greater part of the soot mass
was formed, Below the halfway mark of the flame height the particle size dis-
tribution varied from .0l15 to .045 pm and was comparable to the distribu-
tion in Tesner's pyrolysis experiments, discussed above. One would there-
- fore expect that in this region at least, little or not agglomeration
takes place., This suggests that the position of sampling or observation
is an important factor.

The work of Parker and Wolfhard(61) concerns this study insofar as
it is related to the dispersion exponent and particle size distribution-
They reported that in a non-smoky Hefner candle the size of primary parti-
cles in chains collected on a microscope grid were ~ .0l um. When the
flame was made to smoke, larger particles, dp = 0.05 um, were collected.
However sampling positions were not varied.

Wersborg et al(S)

collected soot along the height of a flat pre-
mixed acetylene-oxygen flame by a molecular beam system. The soot
particles were roughly spherical up to about a height of 50 mm above the
burner, At 60 mm agglomerates began to form. Ball and Howard(l4) in a

related study reported that the equivalent diameter of agglomerates, down-
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stream of the reaction zone of a flat premixed flame of propane-oxygen,
ranged from O0.12 to 0.48 um, the average size being about 0.28 um.
Under these conditions the average particle size within the different
agglomerates varied between .0l17 and ,035 um, which is equivalent to

about 102 to 104 particles per agglomerate.

b) Optical Techniques:

Techniques which involve the prelimainary removal of the particles
from the flame, distort the flow to some extent and this may affect
the chemical reaction and therefore the size of the particles sampled.
There is always the possibility that agglomerates may break up or grow in
the process of transferring the sample from the flame onto the electron
microscope grid. These factors create doubt as to whether the particles
observed under the microscope are truly representative of the distribution
in the flame in question. Optical techniques such as light-scattering
and extinction methods are preferred specifically because they avoid these
drawbacks. On the other hand, these methods are claimed to have the dis-
advantage of not differentiating between the effect of individual parti-

(56)

cles and those of agglomerates a great deal of work has been done
and is being carried out at present in an attempt to refine and increase
the sensitivity of these methods for the purpose of measuring smaller
particle size,

Wersborg et a1(5) recently presented an interesting study. They
demonstrated the advantages of optical techniques in measuring small parti-
cles, dp <.0015 pm. This was inferred from the large difference between
the soot volume concentration calculated along the flame from electron
micrographs and that from flame absorption measurements. The comparison

was made at several position along the flame height. They attributed

the discrepancy to the contribution of heavy hydrocarbon mclecules to the
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light attenuation, undetected by the electron microscope. These
molecules were assumed to have a maximum size limited by the particle-
resolving power of the electronmicroscope,which was in Wersborg et al's
case was qp<o.0015 pm, which is equivalent to a mass number of 2130 amu.

In the work discussed above, agglomerates were only observed at a
height of 60 mm above the flame height, after ~ 1l5m.sec. from the point
vhere soot luminosity was first visible. This height also corresponded
to the region whereelectron microscope and flame measurements were approxi-
mately the same; at this point concentration of absorbing hydrocarbon
was negligible,

The presence of aggiomerates in flames was demonstrated by Jones
and wOng(62) using an extinction technique. They directed a laser beam
into a propane-air flame buring on a Wolfhard and Parker burner (the beam
was wide enough to encompass any sideways fluctuations by the flame.)

The ratio of the fractional transmitted intensities at two perpendicular
angles of polarisation decreased with increase in fuel flow rate. Jones
and Wong's results indicate that agglomerates have a preferred direct-
ion of orientation in a heat flow.

Kunugi and Jinno(56) used a light-scattering technique to determine
theparticle size distribution along the axis of a diffusion flame. The
fuel burned was composed of 91 per cent hydrocarbonscontaining four carbon
atoms, The size remained constant, within 50 to 80 per cent of the flame
height. The variation of the average diameter along the flame height was
between 0.2 and 0.1 um. In the case of the small non-smoky diffusion
flame (height approximately 30 mm) the average diameter increased from
0,15 up to 0,2 pum. This particle range corresponds to about 95 per cent

of the flame height. A different distribution .05 < dp < 0.2 um was de-

*
termined by Kydd for a-premixed flame using a similar technique

*See comments at the end of reference (56).
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(63)

Dalzell et al sef out to develop further aspects of 1ight—scatter—
ing calculations in order to remove some of the doubts about the validity of
the assumptions involved in determining the. particle size and'cencenﬁration
of soot, The sopt generated by burning a small propane diffusion flame. The
measurements were taken at the chimney exit.high above the flame in a region
where partiele agglomerates would be.expECted to have had sufficient time to -
form in large amounts. The experimental mass concentration was represented
best by a model which assumed a bidistribution of sma;l particles of dp =
.035 um, and agglomerates wirh a single equivalent diameter the ratio‘of single
particle to cluster size, was about 50:1. However a cluster model best re-

'presentedfthe.experimental data on the theoretical and scattering patterns.

(64)

It is appropriate to»mentign here the Erickson et al had earlier under-
taken research of a similar hature using a premixed laminar benzene—air flame.
The results also indicate the bias of such techniques to the effect of one
or more per cent of the mass of soot in the form of agglomerates.

| Another interesting cpntribution in this field is Mori’apd Makinofs(43)
testing of the validity of using the Mie theory to measure the mean diameter
.of a cloud of partidlesﬁaving a size distribution. A light—scatpering and
ae extinction technique (using three wavelengths in the visible) where chosen
The study reported referred to observetions on a small propane diffusion -
flame, although similar studies were carried out on city gas éiffusion and on
pre-mixed fiémes of unspecified fuel type. All measurements were taken be-
. tween 60 and BO per cent of the fléme height where the average particle dia;
meter was‘expected to remain nearly‘constant.b The value of the effective
_ diameter was around 6.14 um regardless ef the optical technique or type of
flame used.

Agreement between the two techniques only occurred when a particle

- distribution was assumed to exist. However, rhe constantcy of the value

of the effective diameter proposed by the authors for the case of propane

and methane soots indicates that this diameter may be insenSitive
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to changes in primary particle size and extent of agglomeration. Finally,
the effect of an increase in temperature which followed the addition of
oxygen was corrected for by increasing the value of n and decreasing

the value of K of the room temperature index.

Finally Dalessio et al(65) provided a number of curves which showed
the increase of the average soot particle diameter with height above the
burner and CH,/0, ration(R). The minimum particle diameter at R = 0.45
increased from 0.005 um near the reaction zone to .0l150 um at the maxi-
mum high measured (18mm). However at R = 1.27 the maximum size was about
.1530 um. The above trend was qualitatively confirmed by measuring the
dissimmetry ratio at Q12O/Q116O (where Ql(e) is the rate of enerqgy

scattered before attenuation). The particle size evaluated by the latter

(65). One

procedure was overestimated in some cases by about 60 per cent
should however note that the value of the equivalent particle from the dis-
symetry ratio depends on the particle shape i.e. whether it is elongated

6
spherical etc.(6 ).

2} Conclusion:

The diameter of soot particles in flames varies with the type of fuel
and with the speed at which the secondary chemical reactions are being
completed. The value of the diameter as determined by light scattering
techniques is somewhat doubtful, since up to the present time it depends
on the value of the refractive index chosen and also on the type of parti-
cle distribution assumed. Both are unknown to some extent. Another draw-
back of light scattering techniques in general is their bias to relatively
large agglomerates. It would appear that the size registered is more the
average size of the agglomerates than that of a system composed of parti-

cles and agglomerates, which may exist side by side in flames, however un-
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representative agglomerates may be of the total soot mass. This general-
ization is qualified in the cases in which particles in the range of
.05 um were detected using this optical technique.

Extinction methods have advantages in determining very small éverage
particle diameters, <,0015 pm, in the region where the electron micro-
scope fails. They also give better estimates of the average diameter than
counts of particle per unit area made on electron micrographs up to .0l um.
However the electron microscope is a more useful tool for characterising
the size, shape and internal structure of individual particles than op-
tical techniques. Optical techniques on the other hand are preferred
in some cases where physical probing is not possible or where the flow
carrying the particles should not be disturbed. However it is advantag-
eous when possible to make measurements using, for example, attenuation
and to make similar measurements with electron microscope for comparison.

There is little doubt that particles may agglomerate in the form
of chainsat some position above the burner. What is yet unresolved is
the position at which they are formed, their size, as well as their gen-
eral orientation. These factors are important as they define the limit
at which the effect of scattering on the attenuation coefficient can no
longer be neglected. It does seem,however,that in some cases a knowledge of

the particle diameter is not of coreat importance. This can' be concluded

from extinction measurements on small flames and on cooled plates.

2.4.4 Density of Soot Particles:

Various values for the density of soot have been quoted. Foster(67)

used a value of 2 X 103 kg/m3 to calculate the attenuation of radiation from
a dispersed cloud of particles, whereas Newall determined the density of

natural gas soots by an adsorption technique (known as BET) to be approxi-
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mately 1.6 x lO3 kg/m3 (see ref. 30). The density of pure synthesized

graphite is 2.1 x 103 kg/m3, while the theoretical density of a single crys-

tal of graphite is 2.26 x lO3 kg/m3, ref. 68). The latter technique

may give higher particle densities (considering the large surface area

of soot) than, for example, electron-microscopy techniques; in this

case the particle diameter is based on the surface area of a smooth solid

particle. On the basis of such an argument, it has been suggested(Bo)

that soot may have at some stage a density as low as: 1 x lO3 kg/m3.
Judging from the tarry appearance of "young soot" particles collect-

ed in the early stages of particle formation in a flame (using a molecular

beam sampling system) Wersborg et al(5) proposed a range of densities

(1.1 - 1,3) x 10°

kg/m3, characteristic of tarry materials, for the
early stages of nucleation and growth. This was to replace the usual

value of approximately: 2 x lO3 kg/m3m which is more representative of

the fully grown soot particles (or clusters) formed at a later stage.

2,5 BAbsorption or Emission Coefficient (K) :

The dependence of the absorption coefficient of a cloud of unit
mass concentration, on wavelength may be presented from equation 2.10
as:

2

= B AN
kk A (kg)

This equation implies that k) is not dependent on the particle size
. s . . (67)
parameters and is valid in the case of soot particles since x < 0.3 .
Because other emitters are always present together with soot. This re-
lation holds in general for small changes in A, and in the region where
the greater part of the emission is due to soot, i.e. banded or other ra-

(69)

diation is weak . There appears to be a fair degree of agreement be-

tween the values obtained experimentally for a small diffusion flamef67’70)
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(70)

as well as for an industrial flame , and those predicted from theory,.
However deviation of up to 300 per cent has been reported in the case of

large flames and has been attributed to the measured emissivity used to

calculate kA.(7O).

As a result of analysing numerous data concerning radiation from

(71)

luminous flames Gurvich et al determined that in the infrared the

specific attenuation coefficient may be represented as follows:

k)

The value of the coefficients B and the constants a and b for a number

- B )((a + b log\)

of flames were defined in the visible and infrared and are shown in Table 3.

The linear variation in the case of amylacetate soot observed in Table 2.

was latexy corroborated by Siddall and McGrath(32). It is interesting to

(21)

mention in this context that Truelove obtained the following correlat-

ion using the optical properties of soot determined experimentally by

Foster and Howarth(ql).

ky =2.72 x 105 N 1-9°

The soots concerned were Sterling, Vulcan and El1f. It should be noted,

however, that the value of B may vary by two-folds along a flame(69).

The monochromatic specific absorption coefficient may be represented
from equation (2.15) as B_cT where B stands for all the constants in the
v

The value of Bj was reviewed both theoretically and experimentally

by Hein and Leucke](24énd may be represented theoretically as:
3 3
B = 19_.9_____) . 2.20
o] p kg mK

Therefore within the density (p) range of full-grown soot particles,

(16 - 2.0) x 10° kg/m°, the theoretical limits of B_ are 0.625 to 0.473.
L . (72)

It is interesting to note that Wall and Stewart used a value of

BO = .730, which is between the upper limit of the theoretical values

and the lower limit of the experimental values determined by Beer and
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(23)

Claus that is 0.835,

The local values of Bo seem to be related, at least in the case of
gaseous fuels, to the local mixing conditions defined by a parameter M
defined as the ratio of mass of oxygen to the mass of fuel at a point in
the flame divided by the mass of oxygen to the mass of fuel for the
stoichiometric mixture. The more developedthe mixing, the greater was
the overall agreement across the flame, with theoretical values calculated
for isothermal conditions.

The independent results of Millikan(3l) and D'Alessio et al(6) (see
section 2.2.2) lead us to conclude that K is practically independent of
the soot temperature but depéndent on the mass of emitting solid particles
and pre-soot molecules in a flame. This agrees with Howarth, Hoster and

(18)

Thring's calculations, which indicate that the mean attenuation co-

efficient for the computed range 1 - 4 um, varies by less than 10 per cent
between 1000 = 2000 K. Therefore the attenuation coefficient under such

conditions of T and range of A, will not need correction if the optical

(18)

path is qon—isothermal A similar conclusion was reached experimentally

(69)

by Hammond and Beer Finaily, dividing km by the temperature T will

only partly correct for the effect of black body shift but will not remove

the effect of T on the absorption index (30),
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CHAPTER THREE

SOOT IN FLAMES: A REVIEW

3.1 Discussion of Mechanisms of Soot Formation

Introduction:

This review is restricted to carbonaceous materials formed in
the gas phase, generally referred to as soot. It is produced in various
flames and related systems, e.g. during pyrolysis and in shock tubes dur-
ing electrical discharges, etc. The word soot, rather than carbon, will
be used here, although carbon has been used, albeit sometimes indiscrimin-
ately, in the field of combustion, to describe a great many different
compounds formed under different conditions.

Scot in general has been a subject of great interest, e&en before

(73)

Davey related the luminosity in flames to incandescent soot particles.

Since the study of Nef(74) on the production of large molecular hydro-

carbons from smaller ones, as well as those of Berthelot(75) and Lewes(76)
on the mechanism of soot formation, much progress has been achieved and
much of the mystery has been resolved. Due to the complexity of the sub-
ject under review, it will be possible only to present a qualitative pic-
ture of the present state of knowledge on soot aspects such as the appear-

ance, structure and mechanisms of formation. The effect of additives, is

useful in this context, and will also be described in this chapter.

3.1.1 Some Aspects of Soot

a) Appearance:

soot deposits vary in kind; they may be soft, fluffy, appear dry
(40)

or sticky the colour as well as the smell will depend on conditions

of formation as well as the amount of flame products adsorbed during its

collection. Other aspects of relevance are presented in section 2.4.3.
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Microstructure:

16)

A decade ago Heckman( summarised the current concept of the

microstructure of soots. The aspects which are of. direct interest are:

i)

ii)

A primary particle is composed of a large number of layer planes. Each
layer plane is a hexagonal network of carbon atoms chemically bonded.
The dimensions of layer planes are much smaller in soot than in
graphite, They are expected to have a larger proportion of hydrogen
attached to carbons at the edges.

These layer planes are piled up in stacks a few layers deep called
parallel layer groups or crystallites, in which the layer planes

are arranged roughly parallel and equidistant.

A few years ago Marsh et al(77) published a number of phase contrast

electron photo-micrographs of several soots formed by different processes.

Some of their findings may be summarised as follows:

i)

ii)

Soots resulting from thermal decomposition of natural gas or from
the vapours of cracked petroleum residues, produced what appeared
to be one "growth centre" or nucleus around which carbon layers
arranged themselved concentrically. Few primary particles were
observed to have more than one nucleus.

On the other hand soots produced by other processes such as impinge-
ment burning of natural gas flames (channel soot) or exothermic de-
composition of acetylene (acetylene soot), appear to be built up
around more than one nucleus. The carbon platelets build in circles
around each individual growth centre as in the case of thermal
soots. Towards the outer shell of the particle the layers orient
themselves so as to produce the shape of the primary particle we

are used to observing, In certain applications, for example the
rubber industry, soots produced in (i) and (ii) were know as low

structure and high structure soots respectively(78).
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It is worth pointing out that the phase contrast electron micro-

graph of the non-graphitised region of a plasma soot, produced by Marsh

(77) .
et al by subjecting ethylene to an arc at 10,273 K, has the in-
ternal morphology features of furnace soots, i.e. a "plurality" of growth
centres. Each individual primary particle can easily be out-lined which
is not the case in the micrographs of other furnace soots or scots pro-
duced from gas turbine emission, and the extent of primary particle fusion
appears to be intermediate between furnace and thermal soots. Spheron g,
is another example of an intermediate stage between thermal soots on the one
hand and furnace soots on the other. The particles in this type of channel
soot tend to spheroidal, and common planes between particles are not

. . . 16) . ,
extensive but few discrete particles are seen. Finally the evidence

(80,81) Lo .

presented above and elsewhere ; 1ndicates that the basic structure
of soot is not a parallel layer group, i.e. crystallite as had been in-
ferred from early x-ray diffraction measurements, but that the alignment

of a number of hexagonal layer planes in a given direction appears by

chance. The basic structure, of this 'paracrystalline' material, being

(79)
a hexagonal layer.

c) Chemical Composition:

Elemental analysis of soot yields mostly carbon and hydrogen in
various ratios depending on the method and conditions under which the soot
was formed. Oxygen and oxygenated compounds have been detected and some
of the oxygen is chemically bound. It may exist in the form of associ-
ated hydroxyl(38) and carbonyl (c=0)(38)(40).

A detailed analysis of soot produced by diffusion flames of fuels
belonging to different homologuous series, revealed that there was a
"similarity" of the infrared and ultraviolet specha(38) pertaining to the

various fractions obtained by solvent extraction. This indicates that

the composition of the extracts is independent of the type of fuel, which
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finds corroboration elsewhere. This study also revealed the presence of

groups of complex compounds. They were, however, unable to detect in

general the presence of polycyclic aromatic hydrocarbons. The latter

group of compounds was later discussed by Long and co—workers(33_38)as

(39,40,82,6,65)

well as by others The effect of changing the shape of

a flame by reducing the pressure or reversing the position of the fuel

(40)

and oxygen produced a marked change in the nature of the soot deposits .
The volatile part of the soot in premixed and diffusion flames varied

with height above the burner, and could acquire an asymptotic value after
a certain heiqht(3g). It was shown that the hydrogen in the polycyclic
aromatic hydrocarbons may in some cases amount to about 1/3 of that which

(6)

was initially present in the soot .

3.1,2, About the Mechanism of Soot Formatidn:

In the previous section the appearance and the microstructure of
soot were discussed in some detail. Phase contrast electron microscopy
indicates that the structure of soot produced by thermal reactors and
flames, is similar except that soot particles produced by thermal pro-
cesses generally have one growth centre only. The other difference is
that conditions of temperature and residence time inside the flame favour
the formation of individual primary particles, i.e. do not permit fusion of
these particles into chain-lime agglomerates, as ‘may occur in flame
systems, though they may appear aggregated when observed by transmission
microscopy. That soot with a structure intermediate to thermal soots on
one hand and flame soots on the other, may be produced in different flame
systems, indicates that the process of soot formation is qualitatively
similar in both systems, excluding soot produced in shock~tubes or in cool-

flames, since similar studies in these systems have not been found.
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No attempt will be made to separate the work done in each system
and the squect will be discussed as one, since the appearance and in-
ternal structure of soot formed in a given position during thermal pro-
cesses and in flames, depends on the concentration of nuclei and their
temperature of formation. Moreover, it depends on the time available for
agglomeration and growth into a primary particle or, as in the case
of some flame systems, into particle agglomerates. The mechanisms of
soot formation have been discussed in several excellent reviews(zsﬂ(83—90)
and therefore will not be reviewed in detail here.

It would be useful at this stage to say something about the systems
in which soot is generally studied. A great number of experiments
on soot formation have been done with either premixed or diffusion flames
The process of combustion in both cases is essentially different. In
the first, fuel and oxidant are intimately mixed prior to ignition, and
an explosion wave travels against the fuel air stream. In the second \
case the fuel is first decomposed in the preheating zone, before its pro-
ducts of decomposition are oxidised in the reaction zone. It takes
about 1 msec and 10 msec to convert a simple molecule of fuel into soot

(91)

in a premixed and a diffusion flame respectively . Standard burners
. . . (99)
were used in many cases and have been summarised by Place and Weinberg .
experiments have also been done in thermal reactors which may vary from
a simple laboratory pyrolysis tube to a regenerator of industrial porpor-
tions.
(93-96) . .

It has been suggested that ions have an important effect on
the process of soot formation. However the results are complicated by
the fact that in flames the reaction zone is generally thin (except
at reduced pressures) and by the existence of large temperature and con-

centration gradients. Therefore changes in reactant concentration will

reflect the effect of both chemical reaction and diffusion. A more homo-



- 62 -

geneous system, i.e. instantaneous temperature and homogeneous coreflow
. . (97) .
is provided by the shock tube . Many experiments have, for these
reasons, been made on such systems to obtain information on chemi-ioni-
sation processes during the combustion of a hydro-carbon.

Basically all mechanisms of solid formation from a gas involve
nucleation, coagulation and growth processes. These have been outlined

(84)

by Palmer for the case of a thermal system and will be represented with

some minor modification as follows:

1st stage: Thermal decomposition of the gas and formation of unsat-
urated species. This is followed by condenstaion and polymeri-
sation reactions.

2nd stage; Formation of polyacetylens, reactive polycyclic radicals and
species of a similar nature. Reactions leading to the form—
ation of solid growth centres.

3rd stage: Heterogeneous growth of these centres. Fuel gas decomposition
on the particle surface. Formation of aprimary particle.

4th stage: Agglomeration'of the primary particles from stage three in
the form of chains. Elimination of residual species.

The steps above are also valid under flame conditions, but the occurrence

and duration with respect to the reaction zone will vary with type of

fuel. All steps leading to soot formation are dependent on both the

physical and chemical processes occurring in flames; evidence concerning

each will be reviewed separately.

a) Chemical Mechanisms:

A review of the present state of the subject of reactions involving
combustion of hydrocarbons points out that soot is mainly formed by a
chain reaction propagated by a free radical mechanism. This can be the

only explanation for the extremely low reaction times of a few milliseconds
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91)

or less( and the sudden change from a slightly luminous flame to a

(93)

brightly luminous one At this stage conflicting evidence has been

98
presented as to the nature of the free “"radical nucleus"( ) or "key

(99)

intermediate" around which the building up process occurs as a result of

(61) (100)

of polymerisation or dehydrogenation, or both reactions occur-

ring simultaneously(sg). Acetylene(75'76'89) and polyacetylené29'84—88)

are perhaps the most popular proposals. Butadiennef91'38) conjugated
free radicals, (for example conjugated polyene radical;%{ polycyclic
aromatic hydrocarbons(lOl) and C2 radicals(loz) were among the many
other suggestions, as well as droplet condensation from the gas phase
followed by graphitisation(lOB-lOS) (61)

It may be inferred from the outline above that a great many com-
pounds are formed as a result of pyrolysis or during combustion. The pro-
blem which has not yet been resolved is the identity of the species re-
sponsible for the nucleation and growth processes. In the following para-
graphs an attempt will be made to point out the various unifying factors
as well as to discuss the relative importance of one group of compounds.

As a result of previous extensive studies which include optical,
mass spectrometrical and weight analysis on flat, premixed hydrocarbon
flames, mainly aliphatic and benzene, it was concluded that the following

7
groups of hydrocarbons may be considered important( ):

i) acetylene and polyacetylenes: mass range 26 to 146.
ii) polycyclic aromatic hydrocarbons: mass range 78 to 300.
iii) reactive polycyclic hydrocarbons, probably with side chains,

containing more hydrogen than aromatics: mass range 150 to 550%

*This value corresponds to the limit of resolution of the mass spectrometer

used,
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It was maintained some time ago that "with the possible exception
of aromatic molecules, the decomposition of any hydrocarbon leads even-

. . (89) . . ees
tually to the formation of acetylene and hydrogen . Results in diffi-
diffusion flames indicated that an appreciable amount of acetylene was

. (107) .
essential to produce reasonable amounts of soot. Studies on the
pyrolysis of various hydrocarbon vapour in a flow system showed that
a minimum amount of acetylene had to be present in the diluted stream
before soot was detected(SB).

The importance of acetylene was also pointed out during the flash
photolysis of ketene, (CH2CO). Its peak concentration, at 20 mm Hg

.. . . 10
seemed to coincide with the onset of soot formatlon( 8). Dearden and

Long(107)

showed that there was a relationship between the sooting rates

at the exit of a diffusion flame, burning either propane or ethylene,

and the amount of acetylene (@). This symbol was called "the integral

value" and has the dimensions of an area. It was defined as the amount

of acetylene bounded by the fuel edge luminous zone on one side, and in-
terface between the yellow (luminous) and blue reaction-zone up to a nomin-
al height of 5mm, which defined the onset of soot formation.
Three points are of note:
i) Acetylene was the main stable species detected before soot was formed.
ii} It was possible to make a propane diffusion flame soot as much as
an ethylene diffusion flame when acetylene was added to the former
in sufficient amounts to keep the supply of input carbon in both
cases constant,

iii) Addition of acetylene or oxygen to either ehtylene or propane in-
creased in general the @ value of acetylene, as well as the soot-
ing rate. The exception was the case of propane where the sooting
decreased with addition of oxygen to the fuel.

(109)

Cole and Minkoff studied diffusion flames of methane and

ethylene on a Wolfhard and Parker flat plane burner similar to that which



- 65 -

was later used by Dearden and Long in the work cited above. Their study
of the effect of several additives on the intensity of acetylene absorp-
tion and emission at 729 crn'_l failed to establish a correlation between
acetylene concentration and the amount of soot formed. On this basis they
decided that it was not an intermediate in soot formation. An influen-
cing factor seems to have been the effect of addition one per cent acety-
lene to the immediate soot-forming zone of a methane flame. Although the
amount of acetylene concentration was raised to a level similar to that
in the ethylene flame, the amount of soot liberated in the atmosphere
. was not the same.
Two critical observations seem to be appropriate:

a) It is not clear if one per cent by volume of acetylene equalised
the supply of carbon in the case of the methane flame and in that of
the normal ethylene flame.

b) the amount of soot liberated and the intensity of the yellow
luminosity appear to have been determined visually. Therefore a
small increase in yield which Tesner et al(GO) observed when C2H2
was added to a Ch4 flame may have gone undetected. It is also possi-
ble that the flame temperature at which soot is formed should also
be considered(llo).

Shock tube studies of acetylene showed that C4H3, C4H2, C6H2 and C8H2
occur in that order, prior to the formation of a carbonaceous solid
and hydrogenflll) Analysis of the species in the oxidation zone of a
flat premixed aliphatic fuel, revealed that when polyacetylenes were
formed after the appearance of acetylene(gg). This substantiated pre-
vious shock tube studies discussed earlier, and indicates that the order
of formation of these spefies has not been affected by much shorter

duration of temperature, as well as the flatter temperature profile

encountered in shock systems.
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It does seem that the importance of acetylene is its role in the

. (99)
formation of polyacetylenes, Bonne, Homann and Wagner suggested
that the latter molecules could be soot precursors. However the pro-
position that nucleus build-up takes place solely via acetylene seemed
improbable on the basis of both the physical and chemical structure of
polyacetylenes, that is long chains of carbon atoms which are alternately
connected by triple and single bonds., Their lack of reactivity, observed
at some stage in the burnt gas region, is another factor to be considered.

(99) . ,
Bonne, Homann and Wagner favoured the following radical-based

scheme to explain the nuclei formationvia polyacetylenes, and the early

stages of soot growth from aliphatic fuels.
Cc,H,+H C6H+H C8H2+H2

+H

o (+H, ) ————— C H,(4H, )
43 3

C4H4+H

If the mixture of fuel oxidant was rich enough, higher polyacety-
lenes would be formed. Large radicals formed at some stage of the form-
ation of large polyacetylene molecules, for example C12H2, would interxr-
act or combine with the large polyacetylenes, to form three-dimensional
aggregates of carbon atoms which have a radical character and may con-
tain ring closures. These aggregates would subsequently grow by both
agglomeration and by addition of mostly larger polyacetylenes as well as
polyacetylene radicals. It is expected that lower polyacetylenes react to
form higher polyacetylenes, rather than add to the growing soot particle.
The process would continue until primary particles were formed. A detailed
schematic representation of this mechanism was later presented by Homann
(7)

and Wagner

(90)
Street and Thomas made a study of bunsen flames burning various
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fuels; two main points emerged:
i) In the case of acetylene, ethane and ehtylene flames, the blue-
green reaction zone was completely surrounded by luminous radiation.
The two zones were separated by a dark zone which appeared to be in-
finitisimal or non-existant at atmospheric pressure(gg). -
ii) Aromatic fuel and naphtalene derivatives show a yellow luminosity
which appears to emerge from the tip of the blue-green reaction zone.
In benzene flames, unlike acetylene flames, soot is formed in a
region where relatively large amounts of molecular oxygen exist. Mass
spectrometric analysis in the case of flat premixed benzene flames in-
dicates that reactive polycyclic hydrocarbons (100 to 600 mass units)are

formed very rapidly, and that heavy hydrocarbons exist inside the oxidation
zone. This may have been induced by the presence of laxge cyclic molecules
in the initial feed, which explains the higher sooting capacity of a ben-
zene flame compared to that of an acetylene flame of the same C/H(7),

as well as their structure, above.

The concentration of polycyclic aromatic hydrocarbons produced in a
similar flame for the same C/0 ratio.fed into the system was approximately
a hundred times greater than the case of acetylene flames(82). The maximum
concentration follows the pattern of polyacetylenes in aliphatic flames,
i,e the maximum leis within the reaction zone, and decreases at the end
of the reaction zone, where most of the soot is formed. However, this was
not the case for polyacetylenes formed in the reaction zone.

Polycyclic aromatic hydrocarbons, unlike polyacatylenes, have been
detected. in flat flames of aliphatic fuels, among substanc=2s evaporated

(6)

from soot samples collected some distance from the oxidation z»ne and in
the gas phase by sampling with a molecular beam system(5). This was suffi-
cient indication that polycyclic aromatic hydrocarbons condense while the

soot particles are being collected on cool probes or adsorbed on soot in thz

exhaust, where the relatively lower temperature favours their con-
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denstion. It was therefore evident that these compounds could not be
important and were by-products of certain reactions in aliphatic flames,
a conclusion commonly reached. Long and co—workers(33—38) studied

these compounds extensively in both diffusion flames and in a combustion
engine. A great deal of their work had been done in an attempt to re-
duce their amount, mainly because of the hazardous effect certain groups
of these compounds have on human health. Di Lorenzo and Masi(39) pro-
vided evidence that in a flat premixed-oxygen flame partial decomposit-—
ion of some of the 'reactive'polycyclic aromatic hydrocarbons, for ex-
ample 3,4 benzopyrene and benzoperylene, could account for some small
percentage of the soot formed in the  burnt gas.

Thermogravimetric analysis of soot collected close to the burner
and that collected at a greater distance showed that the larger part of
polycyclic aromatic hydrocarbons evaporates at 200—450°C. The total
loss decreased with distance from the burner(39). The analysis also
indicated the influence of methane/oxygén feed ratio on the amount of
polycyclic aromatic hydrocarbons of high boiling point. In a hotter
flame, i.e. methane/oxygen = 1.1, relatively larger amounts of polycyclic
aromatic hydrocarbons were boiled off between 450 angd IOOOOC than in
a cooler one (mixture ratio = 1.27). This indicates that the 'reactive'
polycyclic aromatichydrocarbons polymerise and condense in the gaseous
phase at high temperatureg. Di Lorenzo and Masi's study provided
evidence that the increase in C/H ratio of soot with height above the
flame was due to the evolution of hydrogen i.e. a temperature effect
and not a result of the loss of hydrocarbon, e.g. polycyclic aromatic hydro-
carbons which have a high hydrogen content. It was proposed that the
decrease in hydrogen content of soot may occur during the period of
growth of soot aggregates of diminished free radical character, as a
(39)

direct consequence of the addition of more reactive higher polyacetylenes

One may therefore conclude that if 'reactive' polycyclic hydro-
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carbons are impoxtant contributors.in the formation and growth of a soot
nucleus in aliphatic fuels then reactive c¢yclic hydrocarbons would be
expected to play a similar role in aromatic fuels. It should be under-
stood however, that compounds may be ‘'unreactive' in an experiment and be-
come 'reactive! in another if conditions are favourable. As an illustration
anthracene-phenanphrene, pyrene and fluoranthene were considered to be
unreactive in the above study, although this was not the case in other
experiments (35)(1121_

It was suggested by Jessen and Gaydon fhat, in very hot flames,

a radical nucleus (C, radical) may serve as a surface or nucleus on or

2

around which "unsaturated" hydrocarbons could decompose; this was in-

ferred from their observation of a rich C2H2—O2 flame spectroscopically.

They also proposed that "higher acetylenes" could be formed by a series
of rapid reactions of this radical and acetylene.
Much has been written on both sides of the discussion of the impor-

88
tance of the role of C, radical in the process of soot formation(ZSC)( )

2
X (98)
which need not be repeated here. Tesner recently presented a very
interesting article which dealt with the formation of soot particles in
which he distinguished between the formation via a molecular nucleus, e.q.
reactive polycyclic hydrocarbons and that via a radical nucleus, e.q. C2.

The scheme for the fcrmation of a solid nucleus via acetylene can be re-

presented as follows:

->
Cn + C2H2 Cn+2 + Hy , (elementary act)
C2 -> C4—>C6 - .. C (chain)
radical nucleus nucleus (solid)

As a result of the structural similarity in industrial soots re-
ferred to by Tesner, and the lack of considerable amounts of volatiles

collected with the soot, he inferred that a radical nucleus could be re-
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sponsible for the formation of a solid nucleus as shown above. In in-
dustrial soots we may distinguish between thermal and furnace, according
to certain features of their microstructure (section 3.1.1). Soots with
intermediate features also exist, A comprehensive picture of the be-
haviour of volatiles, which are mostly polycyclic aromatic hydrocarbons
may be obtained from the various works on diffusion and premixed flames.
To summarise, the amount of polycyclic aromatic hydrocarbons adsorbed

on the soot is influenced by factors such as type of flame, fuel, oxygen
to fuel ratio, sampling technique or position, etc. Therefore the amount
of volatile collected would appear to be insufficient evidence to ascribe

the type of nucleus involved.

b) A physical mechanism: (the role of flame ions):

(113)

The work of Bartholomé and Sachse was perhaps the initial
spark which later aroused much interest and speculation as to the role
of flame ions in the process of soot formation. The effect of electric
fields on the various stages of soot formation in both seeded and un-
seeded flames was studied in great detail by Weinberg and co-
workers(92’96’ll4). They concluded that particles can be caused to
acquire a desired charge (positive or negative) in the presence of a
field, and can therefore be manipulated to the required size and the site
at which it is deposited can be determined. However, it was affirmed
that growth on charges contributes little to the mass of soot deposited.
The "uncharged process" was responsible for the soot mass deposited in

the presence of an appreciable field(lls).

95
Howard( ) presented an attractive structural model. It attempts

to explain how soot particles sampled from flames acquire their external

appearance. The model assumes nucleation by flame ions of the type



CnHS' , and that growth is influenced by the electrostatic force which

exists between very small soot particles at their various stages of growth.

Until recently it was uncertain whether ions took part in the

nucleation stage(llG), although the influence of the electrostatic forces

on particle clustering and formation of chains appears to have been re-

solved, and it was suggested that, because of these forces, a more com-

pact arrangement of agglomerated particles was not possible(116'117). A

quite recent study on concentration and mass distribution of charged

species in luminous C2H2-O2 flat premixed flames, indicated that soot

nuclei may be produced via reactions of positively charged, as well

(93)

as uncharged heavy hydrocarbons .

R + R =8 (1)
+

R + R = S+ (2)
+ ++

R+ + R =+ S (3)

Vthere R = heavy hydrocarbons and S = soot.

Accordingly, the quantity of soot produced will depend on the fract-
ion of positively charged hydrocarbons that can serve as nucleil. If
the total concentration of R" is abundant, under a particular set of
circumstances, then effects such as increasing the temperature reducing
fuel equivalence ratio or reducing the system pressure will reduce the
amount of soot formed, as the fraction of higher hydrocarbons and soot
particles which are positively charged will increase. Growth at the
various stages will be governed by the extent of electrostatic repulsion.
However, if R+ is small, soot formation may be enhanced by its increase due
to the favouring of reaction (2) as against (1) which is slower. Although this
role attributed to positive flame icns had previously been suggested, the
consensus is by no means general, A more comprehensive discussion on
the role of flame ions is presented in section 3.2.4 which deals with

metal compounds.
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3.1.3 The Nucleus

The word nucleus, in connection to soot formation, has been used
to mean a very small, or original, particle which is capable of growth.
On the other hand reference has also been made to the existence of a

(102)

radical nucleus or one which would grow to a soot particle of

(98) (61)

minimum size, called a nucleus . Parker and Wolfharda showed that
it was possible to convert liquid polymers produced during pyrolysis into
soot particles by passing the stream into a flame. A related study by
Johnson and Anderson(SB) showed that it was not possible to convert poly-
mer droplets formed during pyrolysis of acetylene into soot by passing
the stream into a second furnace in series with the first. This led them
to refute a nuclear mechanism built on droplet formation, since under
such experimental conditions charring or carbonisation should otherwise
have been possible.

The conflicting results reached by the two works discussed above
may be aligned by considering the importance of oxygen in determining
the yield of solids produced during the pyrolysis of relatively complex,

highly condensed molecules(104); However the fact that five ring com-

pounds can be converted into a solid by pyrolysis(106), as well as other

(103) (105)

evidence suggests that a dfoplet mechanism for soot formation

is possible under certain conditions.

Conclusions:

Primary soot particles produced in a thermal system on the one
hand and in flame systems on the other, are similar in appearance
though not necessarily in size. When agglomerated, the former generally
have a high structure and the latter a low one. The internal morphologi-
cal details indicate that in flame systems, conditions favour the cluster-

ing of several growth centres (nuclei), in the process of formation of



a primary soot particle, Evidence from experiments on a flat premixed
C2H2-—O2 flame indicates that these centres mainly grow via surface re-
action to a volume mean diameter of the order 0.01 um before coagulation
contributes to their growth(93). Further rounding up occurs by surface
reactions at a rate which should account for the build up of the graphite
layers towards the external surface of the particle. In the case of
thermal socots the build-up is generally around one nucleus. Soot with
internal morphological détails intermediate to the two types above,

also exists.

Conflicting evidence exists as to the role of oxygen in flame and
thermal systems. There is no evidence that the nature of the soot
deposit is dependent on the type of fuel. Aspects of the mechansim of
soot formation have been discussed in some detail. As a result a schematic
representation of how soot may be formed, has been outlined (Fig. 3). The
general consensus concerning flame>systems seems to be that solid growth
centres are formed directly from the gas phase. Evidence obtained from
thermal systems indicate that soot particles may be formed via the nu-
cleation of liquid droplets. On the basis of known morphological feé—
tures of the various soots, as well as the other aspects discussed, it
is reasonable to conclude that the essential phases of soot formation

are similar in the systems dealt with here, of which thermal systems

and premixed flame systems are usually regarded as two extremes.

3.2. Effect of Additives

Introduction:

The objective of this chapter is to review work concerned with
the addition of chemicals to hydrocarbon combustion systems. Work mainly
related to diffusion flames will be stressed. The conclusions derived

from this review will be useful as a guide in choosing the most suitable
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additives for our purpose. An attempt will be made at the end to explain
the various observations (physical or chemical) in the light of our present
knowledge of the mechanism of soot formation.

Before starting the discussion on the effects of the various groups
of additives, it is important to bear in mind that soot may be formed in
premixed flames by a different mechanism than in diffusion flames. 1In
the former type of flame the chemical species (e.g. positive ions or
radicals) reponsible for the appearance of soot above the primary re-
action zone originates within it. In diffusion flames soot is produced
mainly as a result of a purely thermal process on the fuel side, see section
6.2.4. However, pyrolysis of the fuel has been reported in hot pre-
mixed flames burning in oxygen(llB).

Discrepancies may arise, some of which may be attributable to
the different typesof flames used, large number of fuels, different burner
geometries, fuel/oxidant ratio, positipns, etc. studied in this review.
Another variant to be considered is whether the effect is being studied
on the amount of soot inside the flame or on the total soot in the exhaust
gases (see Table 8). A point worth reiteration is that most of the flames

reviewed are small laboratory flames burning at atomospheric pressure.

3.2,1 Gaseous additives (other than hydrocarbons and their derivatives):

The general effect of addition of CO2 and N2 in sufficient amounts,
takes the form of a reduction in the flame luminosity or an increase
in the amount of fuel required to make the flames smoke. Although very
little additive is required to reduce luminosity, an impressively greater
amount is required to suppress it completely. It is possible to work out

from the curves presented in reference (40) that, for a methane rate of
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335 c.c./min,, a 75.per cent-reduction in the flame luminosity was ob-

tained using approximately 13 per cent Cozand 11 per cent N2 of the amount

required for its complete suppression.

It should be mentioned, however, that the gradual addition of CO2

or N, to a number of liquid flames was found to produce at some stage, an
increase in luminosity, which are preceded by an increase in the size and
height of the flame. However when the critical concentration of an- additive
had been added, the flame had a tendency to lift from the wick and shrink

in size. It eventually lost its luminosity and turned blue. The critical
feed rate of CO2 or N2 required to suppress luminosity was found to be

in most cases inversely proportional to the square of the molecular

weight of the burnt fuel(llg). It is interesting to note that in a

number of gas flames at the point where luminosity disappeared the flame

lifted from the mouth of the burner and became elongated(76) . Arthur and

Napier(4o) determined that the rate of increase of the critical concen-

tration of gaseous additives required to suppress luminosity in normal

(or reversed) flamesof methane, varied linearly with increase in fuel

rate. The efficiency of the additives was in the following order: 802>

Co,” N, > CO. This indicates that the inhibiting efficiency is not simply

related to the heat capacity of the additives. The greater effectiveness

of CO2 and N2 reported above vwas reproduced in the case of a butane-air
(120) , (121) .

flame and of basic gas which is similar to town gas.

"It has been suggested that under conditions where the flame height
is only slightly altered by large amounts of additives (50 per cent N2)
the residence time of the fuel or decomposition products inside the flame
. (120) . . s
is not altered . There is evidence that addition of hydrogen and
nitrogen to a small diffusion flame decreases the yield of soot and in-

(60)

creases the number of smaller particles . The latter effect had pre-

. . ‘122
viously been observed by Szarvasy during the pyrolysis of natural gas(12 )
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(123)

However, Comferford obgerved that when relatively small concentrations

of N2 were added to his propane flame, excessively large particles were

formed which escaped destruction by reaction with air,

The greater soot inhibiting effect of H, than N, has been reported

2 2
(124) : . X .
by Throp et al . The latter is known to be effective in reducing

the extent of formation of all hydrocarbon products as a result of up-
setting the equilibrium between fuel and its decomposed products. A de-

tailed experimental study concerning the effect of H, was undertaken by

Bosse(lzs) and Herbst(IZl).

2

Finally, it is interesting to point out that
addition of H2 to a benzene flame made it acquire the sooting character-

(7 previously defined by Street and Thomas(go).

istics of an acetylene flame
Addition of 02 to the air or to the fuel side of an ethylene diffu-
sion flame increased the rate of soot collected. However a slight de-
crease was observed when oxygen was added to a propane flame on the fuel
. o (107) N . .
side . Addition of oxygen increased the temperature in all cases and the
maximum temperature was shifted towards the fuel side as the amount of

(35) studied

oxygen was increased. 1In another report, Chakraborty and Long
the effect of oxygen added to the fuel stream in promoting the formation

of polycyclic aromatic hydrocarbons and choloroform soluble materials.
They noted that the concentration of the forementioned compounds reached

a maximum when about 17.5 per cent of stoichiometric oxygen had been added.
However the concentration became nil when the equivalent of 20 per cent
stoichiometric oxygen was added.

A shock tube study of the effect of small amounts of oxygen on the
pyrolysis of propylene, diluted in argon, (reaction time varied between
0.8 - 1 m.sec.), suggested that the role of oxygen is to promote the pyro-
lysis of the fuel by increasing the initiation reactions The latter deter-
mined the rate of reaction under such conditions of fuel dilutions and

pyrolysis temperatures(lza).
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The amount of moisture in the fuel is very important, as it affects

both the amount of soot produced from a flame and the heat released.

Herbst(l2l) observed that the presence of a small percentage of

moisture in the fuel reduced the amount of soot by 15 per cent by weight
in some cases. The presence of moisture in the fuel greater than 30 per

. . R (127) R '
cent by vol in King's experiments decreased the emissivity due to
soot as well as the flame temperature. The emissivity within (4.2 to
Sum) from hot CO2 seemed to be independent of the fuel moisture, however
its relative importance with respect to other emitting species e.g. soot,
increased with percentage of fuel moisture.

(128) .

Muller-Dethlefs and Schlader found that addition of steam
to flat premixed ethylene flames made the soot zones appear similar to
that of propane flames, i.e. the zone which previouly surrounded the
whole flame was reduced to a small cap on top of the flame. The observed
shift of the carbon limit to higher C/O ratios with steam addition, was
attributed to the role of OH radicals in reducing soot. Lastly it
is possible, to reduced the amount of solid pollution, from fuel-oil com-

. . . . (129)
bustion, by burning fuel-oil water emulsions .

Addition of SO2 and st to premixed flames has been found to re-
duce the soot luminosity while . on the other hand addition of small
amounts of SO3 (0.1 per cent by vol.) was noted to make a clear bunsen

. (130)
flame become luminous . Parker and Wolfhard reported that they were
unable to observe any effect on the luminosity of a diffusion flame by

(61)

adding SO, and SO

2 3 This is perhaps because the effectiveness of
the forementioned compounds in flames is small and therefore may go un-

detected. This was pointed out by Cotton et al(l3l), who detected evidence

of a small reduction in amount of soot formed when SO, and NO were added

2

to a propane flame,
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Conclusion:

The . reduction in soot formation, or its suppression is assumed
to be the result of the interplay of a number of factors of importance
such as dilution, cooling and oxidation. From the discussion on gaseous
additives, we can conclude that a very small amount of inert diluents,

(e.g. N CO2) may increase the luminosity to a limited extent. However,

2!
a large amount of diluent produces a decrease in both temperature and
the amount of soot which escapes at the top of the flame. The amount
of moisture in the fuel is important due to its effect on the particle

emissivity and temperature. Addition of oxygen to the fuel or air

increases the flame temperature. It may also increase under certain experi-

mental conditions the amount of soot and chloroform insoluble fraction.

3.2.2. Hydrocarbons and their derivatives:

Addition of halogenated additives to either the fuel or the air
side increased the amount of soot formed, but the effect was stronger
- . A (132)
when the additives were added to the fuel side. Ibirrious and Gaydon
discussed in some detail the effect of halogenated additives on the

OH, C, and CH emission from a parallel counterflow diffusion flame. They

2
concluded that a soot increase may be brought about by the removal of
oxidation centres and an increase in pyrolysis and polimerisation, which
occur as a result of such additives. They had evidence that the reduction

in OH emission was due to a genuine reduction in OH concentration as well

as to a decrease in temperature.

Badakhshan(133) reported the effect of a number of halogen deri-

vatives of methane on the rate of soot formation from a propagas diffusion
flame. He postulated that there was no decrease in the rate of oxidation

of the soot already formed but that the increase in soot was due to an in-



crease in the process of soot formation relative to the oxidation react-

ions, The curves for CO2 and halogen.—acid formation and oxygen con-

sumption against additive concentration in the exit gases, indicated that

CO, was constantly decreasing while O, and the different halogen-acids

2 2

were increasing. The halogen—acid concentration appeared from:the curves

to level at a much earlier stage than CO This is in agreement with

5°
early work on the combustion of carbon which shows that halogenated

additives inhibit the oxidation of CO—)-CO2 and not oxidation by either

dry air(134) or moist 02(135). However both works alsoc demonstrate the

importance of moisture in reducing the efficiency of halogenated additives.
The picture that emerges from the above discussion is that the

increase in soot emission is accompanied by a reduction in OH concen-

tration inside the flame, a decrease in CO, and halogen acid and an in-~

2

crease in O2 concentration in the exhaust gases. This can be explained
as follows: At flame temperatures the halogen molecules will react with

atomic hydrogen, produced during the pyrolysis of the fuel, by a reaction

in this form:

H + X = HX (1)

(134)

cl.,.

where X = CF, Br, etc. or give rise directly to HCL e.g. CH, ct,

The halogen-acid may react with OH radical, thus destroying a

propagation centre, as shown below:(136)

OH+HX=H20+X (2)

However, as a result of depletion of propagation centres such as H and

OH, the rate of decomposition of the fuel will be decreased. The rate

of formation of soot and subsequent particle growth will depend on the

amount and the reactivity of the halogen additive. i.e. on the extent of re-
duction in temperature and OH radicals available for soot oxidation. The
nature of the fuel is also important as these additives are know to re-

act with unsaturated hydrocarbons, which may lead to a decrease in soot
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formation,

If we consider that the following reactions account for the presence of

the hydroxyl radical(l35).
CO + HO = CO2 + H, (3) initiation
H, +0, = 20H (4)
OH + CO = co2 + H (5) propagation
H + O2 = OH +'O (6) branching
o + H, =OH + H (7) branching

It is possible to attribute the increase in halogen—acid concentration

obtained by Badakhshan(l33}

in the exhaust gas to a decrease in reaction (2).
Since the concentration of oxygen also increased the reduction in OH
concentration may have caused by a reduction in the rate of reaction
(4) and (6).. The decrease in CO2 concentration to the rate of reaction
(5). This whole logic is built on the pre-assumption that hydroxyl
radical concentration decreases. This was borne out by Ibiricu and Gaydon
in their experiments.

It is difficult to determine the extent and flame position in
which such a model is valid without sufficient data on the rate constants,
concentration of carbon monoxide and H20 vapour etc. Observation of the
change in factors such as soot weight and temperature with flame height,
provides relevant information. |

This reasoning helps to explain the different observation dis-
cussed in the above reference. The form of the additve introduced is also

important. For example the addition of CH.Br on the air side was shown

by Simmons and Wolfhard(l37) to produce a secondary reaction zone and

3

emission due to Br2 bands. This emission was not produced when Br, was

2

added to the air side. The induced reaction zone was formed due to re-

action of methyl radical with oxygen in the air, so that:
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CH.Br —Dheat _ cH. + Br

The quenching of the flame is caused by a reduction in the amount of oxi-
dant available to support combustion in the main reaction zone and con-

sequently combustion CH._Br, The extinguishing efficiency of CH,Br was

3 3

greater when it was added to the air than when it was added to the fuel.

However, CH_Br behaved differently in the flat horizontal flame

2
studied by Ibiricu and Gaydon(13 ). Injection of even small amounts of

3

CHBBr to the fuel side reduced the flame emission in their ethylene-air
flame. Addition to the air side showed a dependence on the rate of air
supplied to their lean flames. A greater reduction in OH emission was
also observed when CCl4 was injected to the fuel side, than wheﬁ it was
injected to the air side. The lesser effectiveness of small amouhts of
additives when added to the air zone is probably a result of the lower
rate pf soot formation and therefore cooling of the flame by emission.

The extinction of the flame by addition of such inhibitors is
dependent on several factors which may change the effectiveness of a
given inhibitors in favour of another, as was demonstrated by Creitz(lBB)
In his experiments, the halogenated inhibitors exhibited a lower efficiency
when added to the air in agreement with Simmons and Wolfhard(137).

If it is accepted that inhibition is due to interference by halo-
gen atoms with chain reactions involving hydrogen atoms, then the differ-
ent efficiencies of CHBBr reported in this section are due to the different-
flame geometries used by the various authors. In the horizontal flat flame
used by Ibiricu and Gaydon the flame was positioned between the flanges of
the two opposed burners. The additive decomposition products will spread
along the flat horizontal soot-forming zone more evenly than in the case
of vertical flames used by Creitz and by Simmons and Wolfhard. The increase
in sooting and hence extinction of a flame produced by opposed burners

due to cooling would be expected to occur much more rapidly than in ordinary

diffusion flames which are anchored to the burner by a premixed region.
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. . . 38
The decrease of halogen efficiency with increase in oxygen in alr,(l )

which strengthens the premixed region, is in favour of this reasoning.
Finally, large amounts of carcinogenic materials are produced
as a result of incomplete combustion of compounds containing carbon and
hydrogen. Pretreating the fuel with, for example t-butyl hydroperoxide
(112)

or CHBOH reduced the soot and carbonaceous residues insoluble in

(37)

chloroform. It is possible to increase the rate and extent of decomposi-
tion of a relatively stable hydrocarbon and increase its rate of parti-
cle formation by adding small amounts of another, less stable, hydro-
carbon. However there is a limit after which the favourable effect on

(60)

paricle formation is reversed

Conclusion:

The effect of hydrocarbon additives is complex. As a general
rule the amount of soot which escpaes at the top of the flame increases
with decrease in hydorgen content of the main fuel or additive (fuel).
When a hydrocarbon is halogenated, the amount of soot is increased, the
extent depending on the degree of halogenation, e.gq. CHBCE < CC14.
The increase in soot collected depends on the type of halogen, as well
as the side to which the halogenated hydrocarbon is added. This last
remark also applies in the case of pure halogens. The inhibition effi-
ciency of halogenated compounds seems to be related either to its tend-

ency to produce a halogen ion, or to chemical bond strenth(163).

3.,2.3 Metal Compounds (Mainly Alkali and Alkaline Earths)

There is evidence that soot particles are positively charged in the

(115,92)

presence as well as the absence of an electric field(94'93'll3’95).

If soot nucleation and growth were only governed by an ionic
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mechanism, then adding electrons to the soot-forming region of a pre-
mixed flame or a diffusion flame, would result in an successive decrease
in both the positive ion concentration and the amount of soot. Evidence

39)

to this effect was presented by Salooja(l using a tubular bunsen-type
flame and a number of alkali and alkaline earths. The resultant soot re- .
duction when a quartz probe coated with additive was positioned in

the reaction zone was believed to be due to the neutralization of positive
ions, some of which may be important in the process of soot formation

(e.q. C3H;, CHO+). The decrease in the amount of soot leaving the flame
was related to the ionisation potential of the metal, i.e. M'*M+ + e. The
increase in the amount of soot produced in the secondary flame (diffusion)
surrounding the main reaction zone of the premixed flame, was attributed to
theneutralization of positive charges. This increased the rate of parti-
cle agglomeration and made it more difficult for them to be oxidised. An
increase in particle size was also observed. Therefore the effect of an
additive when added to the fuel will depend on the net effects in the
different parts of a flame.

(131)

Cotton et al postulated that metal salts suppress soot form-

ation in diffusion flames by more than one mechanism. The role of alkali

metal additives (M) is that of catalysing the rate of dissociation of HZO

and H2 to form OH radicals, which may subsequently attack soot or its

precursors by the reaction:

C +OH » CO + L4H
[S] 2

As OH radical concentration falls below the equilibrium value it is compensated

by, for example, H + HZO * OH + H2. The H radical mainly comes from a

rapid sequence of homogeneous gas phase reactions:

H2 + MO - MOH + H

M(OH)2 + (X) = MO + H.,O + (X)

2
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HZO + MOH - H + M(OHl2

H + HZO -+~ OH + H2

where (X) is a third body, and M is an atom of metal additive.

However, under conditions where the concentration of free radicals,
such as OH and H, exists above equilibrium, for instance in the post-
reaction zone of laminar premixed flames of HZ/OZ’ the effect of the
additives is to enhance their recombination by the reverse of the above
reactions.

The flame temperature was found to be very important in determining
the efficiency of the various groups of additives. Except for alkaline
earths and molybdenum, metals were only efficient in removing soot at
high oxygen to fuel ratios. However when the saturated vapour pressure
of a metal was exceeded in their flames due to the presence of a hicgh
temperature, solid oxides were formed. Other mechanism may have been
involved,

Addecott and Nutt(l4o)

determined that the soot-reducing efficiency
of alkaline earths and alkalis in their counterflow diffusion flame in-
dicated a dependence on the ionisation potential of the metals. The
positive ion concentration, produced as a result of introducing the metals

into an acetylene/air premixed flame, increased with decrease in ionisation

potential or the metal and therefore the effectiveness was as follows:
Cs> K>Na - - +« + + «-Ba > Sr > Ca

The data of each group of metals fell on a separate line.

These as well as other observations indicated to the authors that
the reduction of soot is associated with a degree of ionisation of the
metal at flame temperature (l7OOOC), which in turn reduces the flame ion

+

concentration of the type CnHm . This may occur by electron recombination

or charge transfer to the metal or compound.
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The effect of alkali metals and alkaline earths on the amount
of soot produced in the burnt gas of a rich premixed C3_FI'8/O2 flame indicated
that for each metal there may be an inhibiting as well as promoting
effect. The dominant effect will depend on the type of additive and
the experimental conditions. The lower the ionisation potential of the
N . (141)
metal the greater is its promoting effect .
. (141) .
Feugier proposed that the metal ion would promote soot form-

ation by accelerating the nucleation process This is supposed to occur

. . cas +
when the ion concentration exceeds a critical value of Mc.

concentration_ £ ) soot formation rate(which iseno. of ions present }
of soot 'soot formation rate + destruction of precursors by OH
However below this critical value, oxidation of socot will predominate
due to the formation of OH radical at the end of the flame front by
a mechanism similar to that proposed above by Cotton et al.

: y . . (142) .

In the rich premixed flames used by Feugier it was possible
to observe at a given equivalence ratio (p = 2.73) for Cs first an
inhibiting effect which was followed by a promoting effect as the total
molar fraction of metal atom in the flame was increased. The dip in the
curve increased at & = 2.81 which was equivalent to a decrease of temp-
erature from (1780 - 1760) K. In the case of Li, Ba, Sr. Ca the author
observed a net inhibiting effect except in the case of Ba where sooting
was gradually promoted after minimum value of metal atom had been added.

. (114) , .

Bowser and Weinberg were in favour of a mechanism mainly based
on the role of free electrons. They proposed to resolve whether chemical
or electrical effects are more important by studying the effect of varying
the electric potential across a fine uncooled, 2 mm in diameter,

Ni-Cr wire and a similar wire coated with BaO, on the emission from a

vertical flat diffusion flame. The results indicated that it is the
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electrons which produce the effect characteristic of the additive. If,
for example, the additive enhances the emission at a given height, an
applied negative potential will increase soot formation. The alsence of
soot formation when a positive potential was applied across the wire led
them to doubt the possible role of positive flame ions as nuclei.

Quite recently Bulewicz, Evans and Padley(l43) studied the effect
of a nunber of additives on the sooting rate of diffusion flames of
propane/oxygen and acetylene/oxygen. They concluded that the anti-soot
and pro-soot effects may be accounted for in terms of an ionic mechanism,

supporting a previously-held view (139/114)

. In order to explain the anti-
soot effect of the larger concentrations of alkali halides in their ex-
periments, they proposed that this arose from a reduction in the number of

(85,94)

. + . . .
gaseous nuclei (CnHm), which are known to exist in flames and

were referred to by the authors concerned here(l43) as R+.
They believed that at least in the earlier stage of combustion this
effect would occur by direct involvement of the metal, rather than by
(114,139)

electrons produced by the additives, as suggested . The follow-

ing exothermic reactions would take place:

+
M+ H3O+ > M 4+ HO+H (1)

+
M + R > Mt + R (ii)

The lack of available r* for nucleation and therefore production of charged
particles S+ would cause a reduction in the size and number of particles'
and therefore growth as a result of a reduction the rate of coagul;tion.
The above reactions would be effective when equilibrium concentrations
of M" > 0" + r'.

In order to explain the pro-soot effect of the same metal additives

at lower concentrations they proposed that M+ may be formed above equi-

librium levels. As its decay undexr these high concentrations occurs by
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the following reaction: M+ +e +X> M+ X, where (X) may be a neutral
molecule. The level of R+ may be then enhanced by charge exchange

with neutral hydrocarbon precursors by the reverse of eqn. (ii). This
step would provide new nucleus R+ in a'later stage to compensate for those
destroyed, in the earlier stages of combustion, either directly by the
electron recombinations to produce uncharged hydrocarbon fragments

or indirectly by neutralisation of natural ions such as H3O+ which could
provide ionisation of R. This would explain the increase in socot weight
number observed in their experiments.

A similar reasoning to that above was used to explain the pro-socot
effects of alkaline earth metals as well as other metals. However they
believed that as alkaline earths exist mainly in molecular form e.g. MOH+,
the reverse of reaction (ii) would explain the anti-scot effect rather

than a reduction in OH level which had been suggested by Cotton et al(lBl).

The promotion effect due to such ions has been suggested by Feugier(l42)

in the case of Ba and Sr for small ¢ values by the following reaction
+ -
M+ OH * MOH + e

However, whether the process of ionisation occurs by this reaction or

(25)d

via MO is difficult to distinguish

Discussion:

Before summing up the effect of metal additive we shall attempt
to summarise some relevant aspects of soot formation and growth in their .
absence. One would be inclined to accept the view (section 3.1) that in
hydrocarbon flames a solid nucleus is formed by sublimation of heavy
hydrocarbon molecules (CnHm). This would be followed by a stepwise pro-

cess of particle growth which involves the addition of hydrocarbons.
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and via aggregation i.e. a reduction of the number of young particles.
This is followed by surface growth, mainly by heterogeneous decomposition
which is a slow process and accounts for the relatively spherical appear-
ance of individual soot particles observed under the microscope.

The nature of these large molecules is still speculative in the
case of flames. It has long been held that soot nucleation occurs via
uncharged species mainly radicals by mechanisms which could involve
polyacetylenes and polynuclear species.

That ionic nucleation is possible has been advanced by several
workers during the last decade. An apparent problem is that the concen-
tration of natural ions is relatively loQ when compared to the amount of
unsaturated hydrocarbons and hydrocarbon radicals(87). However evidence
in a C H2/O2 flame indicated that the number of positive hydrocarbon ions

2

(mainly heavy hydrocarbon species) were much greater than the soot parti-

(93)

(93)
cles collected which incidently each carry one positive charge

They Were also found to be more than sufficient to provide for ionic

(93)

nucleation . There is, however evidence that a proportion of young

particles may be formed without growing on ions as nuclei(llS).

An interesting feature is that the level of soot reduction re-

(143)

ported by Bulewicz et al was not related to the ion concentration,

unlike in the case studied by Addecott and Nutt(l4o). This would agree

(93)

with Howard et al's results in which they found that a change from a
weakly sooting flame to a rapidly sooting one in the absence of additive
did not change the total concentration of large, positive hydrocarbon ions
appreciably. One could take this evidence as an indication that the in-

crease in positive ions concentration observed elsewhere with addition

*
of cc£4 is relativelyunimportant, compared to the total positive ion con-

= -
See comment by Miller, ref. 96,
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centration,

We must therefore aczcept at this stage the view that ions play a
r;le in the process of soot formation. The extent of its importance
is still difficult to determine. The importance of the chemical aspect
cannot either be overlooked, considering that a young scot particle

. . 87
is highly reactive compared to a fully grown partlclé ).

, 4
This relationship can be shown from the feollowing reactlons:(l4 )
+ — .
CH + O *CHO + e (i)
+ + ..
CHO + H2O > CO + HBO (ii)
+
R+ HO = RT + H)O + H (iii)
+ + .
CHO + C.H C,H, + CO (iv) ref. 144

272 7 273

The work reviewed here indicates that the soot inhibiting effect

occurs by neutralization of chemi-ions and other useful ions to the

14 40
process of soot formation by electrons from the metal(l 1139,140)

(143)

or their destruction by direct involvement of the metal On the other

hand we find thereare those who are in favour of a role played by the

(141'142), n the formation of OH radicals which results in a

metals
destruction of socot by oxidation. The promoting effect may occur if only
electrons are added by enhancing soot agglomeration, this time by neutra-

(114,139)

Lo st . . +
lizing positive charges on particles or increase of R due to

(143) r(141,142)

the formation of M' above equilibrium . Feugie proposed

that this would only occur if the M+ was above a critcal amount.

Conclusion:

It is difficult to agree with all aspects of the mechanism ad-
vanced in the many publications discussed here. The conflicting results
and the change in additive efficiency in different systems is another

complicating factor, Many aspects would have been elucidated had their
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effects on aspects such as chemical species and temperature flame
structure been presented as well. No chemical analysis of the soot
indicating the metal content has been reported in any of the work dis-
cussed. It is important when the metal is introduced into a system as

this would under certain conditions enhance soot oxidation.

3.2.4 Solid Particles

As part of a study to increase flame radiation, Zalavadia and
De Werth(l45) seeded a natural gas flame with small particles. The
particles added could be classified under two categories; those which
can participate in the reaction, such as coke, charcoal and pulverised
coal, and inerts such as cement, aluminium oxide, sodium nitrate, etc.
which is due to the heat released during gasification of these particles
and due to the increase in non-luminous radiation, which follows the
increase in partial pressure of C02 and temperature of the flame.

Sato and Kunitomo(l46) added a number of solids (mean diameter
5.8 - 10.5 pm) to a non-luminous town-gas flame. The furnace, unlike
the previous case, was vertical and the solids were added to air flow
supplied to the burner at the top of the water-cooled furnace so that the
particles could be considered to be floating in the high temperature gas.
The solids studied varied in substance, i.e. carbonaceous material, ferric
oxide and a number of ashes were included. The reduction in temperature
distribution across the flame was greater with the amount of additive,
while the emissivity was highest . when carbonaceous solids were added
tothe flame, However, no conclusions were given with respect to radia-
tion.

(147

. ) . .
Thring suggested that in general the introduction of inert materials

to raise the flame emissivity is not worthwhile, as the gain is upset
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by the subsequent reduction in temperature of the flame, However fly

ash, and under certain conditions, dust from limestone-clay mixtures may
produce useful effects, This is because the decrease in temperature

which results when particles are added should be first compensated by

an increase in the value of the emissivity before a useful effect is
produced. He suggested that if particles are to be added then it is
important that their size should be small, preferably < 10 um. However
such small sizes require excessively fine grinding, also addition of parti-
cles will dilute the reaction products. An alternative is to produce
sub-micron particles in a flame by delaying combustion at some stage. 1In
this way it is possible to strike a balance between the value of emissivity,

and temperature required to produce the required increase in emission.

Conclusion:

Seedinga non-luminous flame or hot gas with particles may produce an
increase in radiation provided the gain in emissivity is not upset by a
temperature decrease. Particles which can enter into chemical reaction
such as coke, coal are more efficient than so-called inerts such as ferric
oxide, lime, etc, The size and mass of the additive is critical as it
determines the value of the emissivity and the extent to which the temper-

ature will be reduced.

3,2,5 Addition of Heat:

The effect of preheating both the fuel and air streams, on the
radiation from laminar and turbulent diffusion flames was undertaken by
(148) . .
Guyomard Y He concluded that this was not the best way of increas-

ing radiant energy from a town gas flame. The increase in radiation was

disproportionate to the energy supplied. For example, preheating both the
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air and fuel in the case of the turbulent flame to 700°C increased the
radiation by only 50 per cent. This was negligible considering that

under the same initial conditions addition of 9 per cent C produces

H
] 6 6
over twice as much radiant energy. Another interesting conclusion from
this work is that theeffect of preheating is not always accompanied by
a temperature increase. A minimum was observed at SOOOC and 4OOOC in the
case of the laminar and turbulent flames respectively.
o s (149) . .
A similar study was made by Guenebaut and Gaydon using instead
a laminar premixed flow of CH4/air. An increase in radiation occurred only
when the mixture had been preheated to above 500°C. In some cases a mini-
mum was obtained at 4OOOC, which corresponds to the case of the turbulent
flame above. When radiation was increased, due to the effect of preheating,
a change in the flame shape was produced; it became thinner and longer,
whereas the inner cone became shorter and wide at the apex. Guénebaut
(149) : A ;
and Gaydon found that although the change in radiation with flame
height was different, the radiation from the total flame was nearly equal
to that without preheating.
Another aspect of interest here is the effect of preheating the fuel
on soot particle size. This is important as it may define the extent of

particle pollution from a flame, Comerford(lso) Tesner(sg) and Johnson

58 . . .

and Anderson( ) attempted to relate soot formation to residence time, and
temperature of heating in tube furnace. As an extension to his pyrolysis
study, Comerford investigated the process of burn-up of soot particles form—
ed in a diffusion flame at one end of his pyrolysis tube. He determined
thatunder certain conditions of low flow of the mixture of propane diluted

. (123) . .
with N2, more soot escaped out of the flame . This was attributed
to a greater extent to fuel pyrolysis inside the flame as a result of

preheating both the air and the fuel-nitrogen stream, which enhanced the

formation of larger particles that weré more resistant to oxidation.
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In may industrial applications it is useful to recuperate part of
the enthalpy leaving with the exhaust gases and in this way increase the
efficiency of a given process, Under such conditions recycling the heat
indirectly was found to be more beneficial in general than recycling
part of the hot combustion gases, The adverse effeéts on the specific
heat and temperature has been discussed in the case of a large combustion

chamber by Barr and Mullin(lSl). Finally it is relevant to mention that

Lloyd and Weinberg have made a number of studies(152’153)

in which they
illustrated the uses of preheating to burn low-grade fuels and mixtures
of fuel /air which are considered inflammable. However this will not be

discussed here as their work is mainly concerned with the aspects of

preheat related to the total efficiency rather than radiant efficiency.

Conclusion:

Flame radiation may either decrease or increase depending on the

preheat temperature and experimental conditions.

Recommendations for future work:

It is fair to say that in most of the work reviewed in this chapter,
the stress was on the effect on the amount of soot produced or escaping
from a flame, that is from the point of view of pollution of the atmosphere
and health hazards. There was no systematic work on the effect of additives
on the factors which determine soot emissivity such as C/H ratio and mean
particle size; although mention of these aspects is scattered in different
reports. It is therefore difficult to come to any final conclusions as to
the most useful additive to increase radiation at this stage; four tvpes
seem worth looking into:
1} Molecular oxygen. 3). Addition of heat.

2} Halogenated hydrocarbons or halogens. 4) Metal compounds
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CHAPTER 4

EXPERIMENTAL DETERMINATION OF SOOT PARTICLE SIZE AND WEIGHT

Some Experimental Measurements concerned with Techniques of Particle

Sizing and Collection

The influence of soot weight and particle size and shape on radiation
from a flame has been discussed in some depth in Chapter 2. 1In section
4.1 of this chapter, two instruments used to sample soot for particle
sizing were described in detail. 2 third method involving apparatus
which was built incidentally and used first, is described. 1In this and
the following section, the results obtained by the author are discussed
aﬁd the appropriateness of the methods studied is demonstrated to-
gether with various other findings. The fourth and last section contains
a brief discussion on measurements of temperature using a thermocouple and

includes a numnber of suggestions.

4,1, Apparatus used for soot collection

4.1.1 a) The mechanical sampler:

It was possible by a suitable design to reciprocate from one to four
rods, each carrying a glass strip cut from a slide. Details of one
sampling unit are shown in Fig. (4). The trigger and line shaft assembly
had "to be swung clear beforethe sample holder could be loaded into the port
The assemblywas then returned to running position and the shaft run up
to the desired sampling speed. The driver was a double-reduction, series-
wound, variable speed motor, type SDISS (SD7), maximum speed five revol-
utions in sixty seconds, from Enicron Ltd. The sampling speed was varied
by changing the inputvoltage using a variable transformer.

The friction sleeve was slipping normally until the trigger was re-

leased so that the rotation of the shaft carried the snail and eccentric
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round and brought it to bear against the roller of the sample holder. The
sample holder was held flat by a guide and fork on top, and followed

the eccentric by means of a return spring made of fine stainless steel
wire.

In order that each sample holder could be moved into or out of
the 4 mm holes at the side of each calorimeter, it was necessary to release
the coupling, loosen the two 5/16 inch nuts which controlled the movement
of the frame carrying four triggers via two hinges,attached to the lower-
most and fourth calorimeter, and pull it outwards towards the operator.
This last step had to be carried out carefully or the rods carrying the sam-
ples would have suddenly be ejected by the springs, resulting in loss of the
samples. The stainless steel guides are shown in Fig. (4).

An electron microscope grid was glued to each glass slide, using silver
dag. The position of the grid was determined by the total length of the
small metal holder and glass strip, and was adjusted so that approximately
the centre of the grid was in the sampling region, which was generally
at the axis of the combustion chamber. This construction made it possi-
ble to select the sampling position across the combustor.

Finally, the shaft carrying the snail and eccentric was coupled to
a rod of similar thickness attached to the motor using a rubber disc
4mm in thickness. This allowed for a certain measure of flexibility use-
ful for correcting imperfect alignment of the sampling section to the main
apparatus, Moreover, it absorbed some of the shock at high sampling
speeds and enabled the sampling section to be separated from the motor. The
speed of rotation of the shaft connected to the motor, and hence the samp-

ling speed, was controlled by the variable transformer which controlled the

input current to the motor.
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b} The oscillating thermal precipitator:

A picture of the instrument, which is made of brass, is shown
in Fig. (6)., One arm of a quartz probe Fig. (7b) was attached by a
brass,coupling to the imlet (a) which was situated at the top of the
instrument. The brass nut and nipple formed part of the probe. The
sample was aspirated at~$0.ll7xlo_6 m3/sec down a channel (b) 0.508 mm
wide, formed between the main brass body (c) and the reciprocating block
(d), which was removed from the instrument in the picture. It had a motion
of 2 mm amplitude and a period of five seconds. The velocity of motion
was nearly equal in each direction. This arrangement gave, in the case
of dust, a spread over an area of about 3 mm in width with a homogeneous

4
region of slightly over 1 mm in width in the centre(15 ).

There are several ways of mounting a grid(154). The simplest was
chosen here and is illustrated in section in Fig. (8b). The plug carry-
ing the grid is marked (e) in Fig. (6) and the location of the grid is
marked (f), On the opposite side of the grid a glass slide, cut to size,
was held vertically at an equal distance to a horizontal wire (g) by
another block. The glass slide is positioned behind the wire in the
photograph. The role of the electrically heated wire was to precipitate
the soot particles on the electron microscope grid and the glass slide.
The hot wire was made of Brightray Alloy C, 0.25 mm in diameter. It was
held taut by a spring (h) situated outside the instrument. The heating
current of the wire was varied from 1.5 to 4 amp. and was suppliéd by
a 2 volt rechargeable battery.

From the above it should be clear that the two walls of the channel
through which the sample was aspirated were composed of the oscillating

block on one side of the wire and the brass-slide-brass wall on the other

Fig. (8c) shows a schematic representation of the dust-free space when
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the correct temperature difference exists hetween the heated wire and
the cooler walls. The soot deposition occurs just above BB in Fig. (8c).
The brass inner walls, as well as the facings of the sliding walls

were machined with considerable precision to a high degree of fineness.
The exit gas sample comes out at (j). Two metal srpings (k) at the top
of the instrument were responsible for the return movement of the block
carrying the electron microscope grid. The reciprocating movement of
the block was achieved by a pin (§) set in motion by a cam, which was
driven by an Enicron geared motor, supplied by Enicron Ltd. The motor
gave a maximum of 12 revolutions in 60 seconds. Details of operation

of the precipitator, precautionary measures and techniques of adjusting
the electron microscspe grid to obtain the best distribution of the de-
posit may be found in references (155) and (156). A schematic represent-
ation of the thermal precipitator in the sampling circuit used is shown

in Fig. (8).

4,2 Particle collection on an electron microscope grid

Sampling on grids was explored using a hand-operated device, which
consisted of a rod carrying a glass on to which a grid was glued. The
experimental set-up is schemetically illustrated in Fig. (9). It consists
of a burner, which is, simply, a brass tube on to which was screwed a
nozzle of 3 mm I.D. The nozzle is surrounded by a circular trough backed
with glass beads 4-5mm diameter, to distribute the air flowing around it.
The trough had about eight times the width of the nozzle.

A cylinder made of two layers of copper gauze was made to rest on
top of the trough. A horizontal slit cut into it, allowed for the free

movement of a glass slide carrying an electronmicroscope grid, as well as
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the rod to which the latter was attached, The first fuel used was
methane, which flowed at 33,3 x 10‘-6 m3/sec at ZOOC. The trough and gauze
arrangement provided for a reasonably stable flame.

Before the grids could be glued with silver dag on to the glass
slide, they had to be coated with a thin film of carbon, on which the
soot particles collected during sampling. The techniques of grid pre-
paration is described in most textbooks dealing with electron micro-
scopey e.g. ref (157), and will not be discussed here. In this study
copper grids of size ZQO mesh were used, although these are manufactured
of various metals, such as silver and gold, of various mesh sizes and shapes.

When a glass slide was scanned rapidly across the flame, the soot
particles, when collected, were very small and barely visible at high
magnification., The samples on the grid had to be shadowed with chromium
in order to get better contrast. This is illustrated in Plate 2d, and
refers to the case when the slide scanned rapidly five times across
the flame at 40 per cent of the flame height. The scanning speed was
varied so as to include much higher, and some lower, speeds. The speed
refers here to the frequency with which the slide carrying the grid enters
the flame per unit time.

The movement of the rod carrying the slide was controlled by the
arm A, The sleeve to which the arm was attached was supported on a plat-
form B, which could be fixed at any desired height by a screw at its
lower section. The platform carried two short vertical plastic rods,
one on each side of the arm A. These served to determine the maximum
span of the arm and therefore the movement of the grid. This could be
changed by first unscrewing the bolts holding the rods to the platform
and then sliding each rod along its slot to the desired position. Section
C served to prevent any accidential movement of the rod vertically and

did not appear to hinder the movement of the rod in the horizontal direct-
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ion.After examining the samples collected at different speeds, an in-=
crease in number and size Qas observed,with a decrease in scanning speed.
It was deduced from a number of samples examined in this way that the
very few particles agglomerated in a chain which occurred appeared to

do so during sampling. In general, individual spherical particles were
scattered all over the grid. When the scanning time was slightly pro-
longed, various shapes were observed under the microscope, some of which
were rather decorative but which did not béar any relation to soot.

This seemed to result from the curling or tearing away of the carbon coat-
ing on the grid.

When small amounts of propane were added to the methane stream,
particles were usually easily observed at a magnification of 10,000 and
were attributable to this additive. Further work on CH4 seemed inadvisa-
ble since the effort involved was unjustifiable in the context of this
study. It was therefore decided to concentrate on C3H8 flames, since
the particles produced were easily observable with the electron micro-
scope then available.

A propane diffusion flame was burnt at a flow of 10_5 m3/sec at
ZOOC in the same set-up previously described for methane. It was likewise
scanned at about 40 per cent of the flame height. The results of five,
fifteen,thirty and sixty passes are shown in Plate 1. Each grid was
scanned, and then several squares on the grid (which contained about 200},
were photographed and sometimes enlarged for comparison in order to choose
the most representative. This procedure was followed throughout.

Plate la was magnified three times as much as the others during
printing to show details that might not be clearly visible in the other
photographs, which were magnified only to 10,500, in order to get as

many particles as possible on one picture. Further reduction would have

made it difficult to distinguish particles from agglomerates. The largest
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Legend:

Propane flame sampled at 40 per cent of the flame
a) 5 passes across the flame.

b) 15 passes '" " "

c) 30 " " " "

d) 60 L1} n "n n

height.



= 10]

. v s P
& " -3 3 v
¥ a9, v
g‘ .' ‘ﬁ s‘
- ' . : &:{'v e ."‘\
e : ; . ’a
R 4o 4 :
T e
- iy i LS
A § e
- ’ 4 ‘ I L] “‘
1, 2
v 3 i ‘
x35700 b x1Q500
¢ = o - - o’
. v o N Al B
] N
- > ok S
- ‘d ] o" 1\'
#, 'y .w"’ 4 . W
. *. o
’ i ™ ".’l ’ .‘. .\(‘o‘.
‘.. ¢ o -%‘ = = "' w‘!\ .
1 : ":ﬂ' ' a v I8 ‘
t" ’ \(')" - R ~ ¢
T 31 » 2
3 > ) ) C=vey
Lo \
3 v 3 ~ o 3
L ¢ * “ .} \& L :”. ~
- 3 . ¢ S t > -
_P , r . | > ¢
9 i ] / "- R 4 -% ,.O ®
¥ g v 2 }”1, L3 o g8 ;
. e LA . .
x|0500

PLATE |



- 102 -

Legend:

Sampling position 40 per cent of flame height at flame axis.
C3H8 flame aspirated at 10-5m3/sec, flow in thermal precipitator =

L117 x lO—6 m3/sec for 30 seconds.

a) particles from within the center 1/3 of the grid.

b) 1 u 1 n n n n ]

c) u at the edge-

CH4 flame scanned 40 times.

d) illustration of the effect of shadowing at 35°.
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PLATE 2
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particle agglomerate in Plate la is marked by a V. The increase in

number and size of such agglomerates with the number of passes is clearly
illustrated in a) to d). The same effect occurred when scanning speed

was reduced. Having sampled soot on a flat surface and reached some
preliminary conclugions the next logical step seemed to be to study the
effect of sampling using a suction probe on the size and shape of the
particles, This could provide substantiating evidence and will provide
information on whether the average size of the primary particle is affected
by the sampling method.

A guartz probe similar to that shown in Fig. (7a) was suitably
attached to the inlet of the thermal precipitator described in section 4. 1:
this is a useful instrument by means of which very small particles may
be sampled. The principle undexlying it is that, when a solid-laden
gas stream enters a region in which two bodies in close proximity are at two
two different temperatures, the particles will move towards the cooler body,
as a result of the thermal force acting on the, and deposit on it(155'156).
The probe connected to its inlet was heated by a Ni-Cr wire wound along
its length up to 20 mm from its nozzle end. This was necessary in order
to reduce the particle agglomeration that occurred along the probe during
the condensation of water vapour in the gas sample.

Samples collected in this way were unevenly distributed along the
electron microscope grid, unlike the case when a glass plate scanned the
flame forwards and backwards. The density of particles and agglomerates
in the former case seemed to be more or less even for only up to 1/3 of
the grid fromthe centre (Plate 2a8&b) and fewer particles were deposited
at the edge (Plate 2c¢). This distribution seemed to result from the

(154)

periodic motion of the grid Comparing (b) in Plates 1 and 2, it
was immediately noticeable that, although the sampling height was the

same, the apperance of the agglomerates was different, being somewhat
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longer in the first case and rounder in the second,

These observations of sampling using two different techniques
suggested that agglomeration might have been completely eliminated had
correct sampling conditions been found. There was, however, some doubt
as to the general applicability of such a conclusion. The propane flame
in the main experiment was confined by water-cooled walls, unlike the
case of a free-flowing flame. It was therefore possible that the above
observations might not be entirely reproducible. It seemed that the
simplest way of clearing this point and alsc of obtaining reproducible re-
sults was to pass in and out of the flame a glass slide carrying an electron
microscope grid, The mechanical sampler described in séction 4.1.1 was
devised for this purpose. Details of one unit are shown in Fig. (4).

In actual practice, this was far from easy. Soot deposition on the
water-cooled walls reduced the size of the opening through which the rods
carrying the glass slide moved. This meant that lumps of soot were collect-
ed during sampling, a problem that grew worse with an increase in height
and lapse in time. It was partly overcome by covering the holes, before
the flame was lit, with a long, thin strip of stainless steel welded to
a horizontal stainless steel ring, (Fig. 5). The ring was positioned
between the fourth and fifth calorimeters and was rotated by moving the
guide arm positioned between two of the eight pairs of bolts and screws
used to hold the flanges together. It was therefore possible to cover
and uncover the holes rapidly.

The deposition of a thin film of liquid hydrocarbon along the probe,
as well as inside the 4 mm passage through which the probe moved, was
another source of nuisance. Unless it was completely removed, the smooth
motion of the probe was inhibited. This reduced the effective sampling
speed at a given voltage (see section 4.1.1).

At low sampling speeds, agglomerates were always formed in great
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numbers, At high sampling speeds the apparatus vibrated strongly,
resulting in the loss of the sample, usually due to the breaking of the
glass slide before the completion of its cycle or due to the grid tear-
ing off,

It was therefore decided that as a result of the problems encount-
ered it would not be possible, using the sampling units, to reach any
conclusion regarding the actual state of the particles inside the flame.
Such. sampling units would however, have been ideal in the case of free-
flowing flames. Their use in confined flames should be limited to cases
where the walls are uncooled. Had the diameter of the furnace been twice
as large (i.,e. 102 mm) as in this case, it would have been possible to
make the passage twice as large. It would then have been possible to
make the sampling rod of two different sizes. This in itself would have
been sufficient to reduce several problems mentioned above.

A probe similar to that shown in Fig. (7b) was used next. The thermal
precipitator was attached to one of its ends. The probe body was made
of brass except for a length of about 35 mﬁ at the nozzle end which was
not heated, In order to avoid disturbing the flame while introducing the
probe, an extension tube with a P.T.F.E. gate similar to that shown in
Fig. (15) was used which could accommodate on one side (when necessary)

a Bakelite plug 20 mm in diameter. The plug filled the space between
the probe and the opening of the section through which the probe now
entered the combustion chamber.

Because of the number of probes used, more than one plug was made.
Each had a hole drilled right through which corresponded to the size of
the probe it had to accommodate. When a probe was in position, an O-ring
which had previously been mounted on it was pushed towards the Bakelite
plug and made to rest in a groove which was cut in it. This was expect-

ed to provide a seal, in order to prevent any air from being sucked into
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Legend:

Sampling at window no. 2 at flame axis.
) -6 3
a) flame aspirated at 0.58 x 10 m” /sec.
flow in thermal precipitator: 0.117 x lO_6 m3/sec for 60 seconds.
. -6 3
b) flame aspirated at .08 x 10 m~/sec. .

flow in thermal precipitator: 0.08 x lO_6 m3/sec for 10 seconds.
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the combuster. Plate 3 shows two photographs of samples which were

drawn into the thermal precipitator at different sampling speeds and

for different lengths of time. For the higher sampling speed and longer
time, the particles were agglomerated into a huge matrix of particles
(Plate 3a), This was expected to have been formed during the condensation
-0of water vapour inside the thermal precipitator. When, however, the aspir-
ation speed inside the precipitator, -as well as the sampling time, were
reduced, very little soot was collected. The photograph in Plate 3b shows
all the soot deposited on the grid. The large lump marked with a V is
probably carbonaceous material deposited on the probe and withdrawn during

sampling.

4.3 A Discussion of Probes and Filters Investigated

Soot sampling may be achieved by using either suction probes or
deposit surfaces. In comparison with others for example optical
techniques they are at a disadvantage, due to their effect on the physi-
cal and chemical properties of the flame. The reliability of optical
methods in determining soot weight as well as particle size and distri-
bution is however, still doubtful at present, except wheén the weight
is determined by extinction techniques® (see Chapter 2). 1In the follow-
ing discussion, an attempt will be made to show to what extent it has
been possible to overcome the problems which result from the physical pre-
sence of a probe. Suction probes may be classified under two types. In
the first, a volume of soot-laden gas is aspirated through an orifice
at sonic speed and the reaction is quenched by expansion inside the nozzle
as the exit pressure is reduced. These are called sonic probes. 1In this

class are microprobes, which are used for sampling in small laboratory-

*Indicate the weight of soot plus any heavy hydrocarbons.
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type flames and are usually made of quartz or stainless steel. A
comprehensive treatise which includes methods of construction has been

158
presented by Friston and Westenberg( ). Sonic probes have also been

designd for the purpose of sampling in large flames of industrial scale(lsg)i
A number of probes used in this study are shown in Fig. (7). Aspi-

ration probes were generally made of quartz. The nozzles tapered to

20 to 40 degrees and the rotation asymmetry was kept to a minimum. One

would expect that disturbances including the catalytic effect caused dur-

ing sampling would be negligible because of the small ness of the capillary

orifice, which was of the order of 800 um. The flame was sampled at various

sampling speeds not exceeding iscokinetic flow velocity. This was done

at right angles to the direction of flow and should not have affected

the mass of soot collected, since soot particles follow gas stream lines,

as may be deduced from the following equation derived by Badziock(16o).

lo

+ (1 -a')

where CO/C is the ratio of the concentration of solids at the probe orifice
to the true concentration, and v' stands for the velocity. The inertia
parameter o' is a function of the shape, size and density of the solid
particles as well as of the factors which influence the shape of the stream.
Because soot particles are very small, they have negligible inertia i.e.

o' = 0, and therefore Co = C.

During sampling, hot gases are present together with the soot. It
is therefore important to prevent any reaction since this will distort
the results. 1In practice, quenching of the reaction is never completely
achieved except with molecular beam sampling systems, where the quenching

X . . (94) . .
time in the probe 1is of the oxder of 1 usec . It is common practice,
and sufficient for many purposes, to reduce the sample gas temperature

59)k
to 300°C in about 3 msec(l )T At this level, it is expected that re-
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action of the initial mixture will be negligible within the given time
lapse.

In order to ensure that the reaction was being quenched in a rea-
sonable time, a sample calculation was perfomred for a probe orifice of
800 um and a sampling flow rate of 7.9 x lO'_6 m3/sec, which is equal to
the volumetric flow rate of unburnt propane used here. If we consider
the case when the probe was positioned at the centre of the flame,
we would expect the sampled gas temperature to be reduced to less than
150°%C in about 1.7 msec. This assumes that, when the gas inside the
probe reaches the boundaries of the cooled walls, its temperature does
not exceed that recorded by the thermocouples at these positions (see
fig. 30-33).

When sampling was carried out for the purpose of determining the
size and distribution of particles, the probes had a side arm by which
they were connected to the thermal precipitator (Fig. 7a). Sampling
into the probe was done in two steps. First, the volume of gas flowing
in the probe was partly aspirated into the rotameter. The flow into the
water pump was regulated by a needle valve upstream of it. When the rota-
meter indicator reached the required level, the three-way glass valve at
the bottom of the instrument was switched to position (B). In this way,
the stream entered the thermal precipitator rather than the rotameter.
The results obtained using this technique were discussed earlier in this
chapter (section 2). A number of microprobes was also used for sampling
soot for the purpose of weight and composition (soot) analysis. They
were packed at their ends with quartz wool (see Fig. 7c¢), which seemed
to provide a very efficient filter under these conditions. Most of the soot
was collected in the region where the smaller and larger tubes met.
Although this method was satisfactory for weight determination, the soot

collected was insufficient in amount for chemical analysis. Two factors
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were involved: the probe tended to block during sampling, and it was

not possible to separate the soot from the filter material. The soot
which was shaken off the quartz wool was never completely free of quartz
and itvwas therefore difficult to estimate the amount of soot in volume
being weighed for analysis. In most cases it was too little, and in

some cases the water peak, which is an indication of the amount of hydro-
gen in the soot, did not even appear.

The possibility of using a different type of filter was investi-
gated, The idea of using a simple filter paper disc resting on copper
gauze seemed attractive at first, as it has the advantage of retaining
fine particles. It lacks, however, strength and cannot be used when the
soot is required for further analysis, which is the case here. BAnother
alternative was to use sintered quartz or pyrex filters. These can
easily be attached to probes and are manufactured in various grades. The
major advantage of these latter filters is that they are robust enough
to withstand handling,(lsg)b which however, was not a prerequisite in
this work.

Soot,is produced within the blue reaction zone in a layer parallel
to it. This presents another difficulty when the conetration profile
of soot across the flame is required, Since the layer involved is of the
order of 2 mm, it is not difficult to imagine 'that errors can occur.

For these reasons, it was decided that it would be best to collect soot
on a water-cooled surface.

A review of the literature‘showed that water-cooled probes made
of duralumin(:eox, stainless steel, brass(6), quartz and porcelain(lzl)
have been used. In these experiments, the cool horizontal surfaces
obstructed the flame flow, and it was therefore expected that this would

.60.
affect the amount of soot collected. Tesner( ) reported however, that,

although in his experiments the cooled surface shifted the wake of the
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flame towards the burner nozzle, the weight of soot collected did not
seem to be affected. He came to this conclusion by comparing the
weight of soot collected from a gas diffusion flame by a water-cooled
cube formed of acpillaries which did not obstruct the flame, and that
collected on a water-cooled flat plate made of duralumin. One could
therefore infer that the soot collected using the small cylindrical
probe shown in Fig, (7d), which was used here, corresponds to that
present at the sampling position. Even if this is not absolutely true,
it is not expected to affect the conclusions, since what is under in-
vestigation is the relative change in soot weight which occurs at
each position(or window)is under investigation (see chapter 6).

As the probe diameter was much smaller than the opening at the
side of each calorimeter, a special Bakelite adaptor about 3.3 mm in
diameter was used to reduce the opening and to provide a guide for the
probe. A plug also made of Bakelite, at the opposite side of the probe
entrance kept it horizontal.

The flow of water into the probe was reduced until no condensation
of water vapour in the soot occurred while the probe was in the flame.
Sampling, which is another important factor, was generally kept at
30 seconds and in any case never exceeded 60 seconds. Although the
amount of soot collected was found to be independent of time up to
300 seconds, it was necessary to keep this time short in order to reduce
the thickness of the deposit, as a precaution against any possible de-
hydrogenation of the soot collected. A plot of composition against time
did not provide any useful evidence. The deviation at one sampling
time masked any genuine effect. This can be inferred from plots of
temperature and soot composition in Figs (25 and 26), which refer to
similar sampling times. The soot collected on the probe was scraped

off with a metal scapula and collected into a container to be dried and
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Legend:

Sampling at Window no. 2.
a) Flame scanned 10 times slowly, probe driven by mechanical sampler
b) Flame sampled at 0.58 x lO_6 m3/sec , flow in thermal precipitator

0.117 x 10_6 m3/sec for 3 minutes.

Note: Samples on grids were gold-coated prior to photography.



PLATE 4
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weighted. Part of the polymeric material that deposited on the probe
-during sampling appear to have done so before the soot particles
and held strongly to the probe surface. This gummy deposit was easily

removed by rubbing with a tissue paper moistened with carbon tetrachloride.

Discussion

Transmission electronmicroscopy, wh;ch in practice is one of the
most useful methods of determining the size and shape of submicron parti-
cles, was used for particle characterisation of samples collected directly
over a flat surface with a thermal precipitator. Particles collected using
either technigque showed a similar trend, i.e. the number of particle agglo-
merates or the size of agglomerate increased with exposure to the soot
stream. There was, hovever, a difference in the way the soot deposited
which was not unexpected considering the difference in techniques. This
is shown in a three-dimensional picture obtained by use of a'Stereoscan”
and is illustrated in Plate 4. It shows a preferred direction or plane
of deposition. On the other hand, the soot collected on a flat plate
(Plate 4a) shows a more even distribution all over the grid.

The mechanical sampler is, as has already been said, a modification
of the manually operated scanning sampler described in Section 4.2 It is
easy to handle and operate and offers a method of sampling at a pre-
determined speed. This can be achieved by calibrating the input current
to the motor, which may be regulated by a variable transformer, with the
speed of rotation of the motor. This can be read by attaching a special
meter to it. A calibration curve was not obtained in this study, since
the deposition insidk the guiding cylinders attached to the main apparatus
was polutted with polymer material, which would have made any calibration

of little use. In fact, such an instrument should only be used under
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conditions where the resistance offered to the probe movement is minimal.

Having reviewed certain points concerning the mechanical sampler,
it would be proper to discuss next the thermal precipitator. There is
little doubt that the former instrument is very efficient in collecting
submicron particles which are relatively dry. When soot is sampled from
a flame, it is surrounded inside the probe with an atmosphere of water
vapour. Preheating the probe to the inlet of the thermal precipator may
have overcome condensation along the probe, but there was nothing to pre-
vent this from happening inside the instrument. Condensation of water
vapour is not feared as such, but its effect on agglomeration introduced
an extra factor to be considered when analysing micrographs.

Preheating the thermal precipitator was considered as a possible
way of overcoming condensation of water vapour existing around the soot.
This would, however, have meant that there would be no thermal gradient
in the direction of the grid since the apparatus was made of brass
which is a good conductor of heat, and separation of particles from gas
aue to the thermal forces would therefore not occur. This possibility was
discarded for this reason.

There is perhaps one aspect which has been overlooked during the
discussion, and that is the effect of sampling techniques on the . average
size of the primary particle. this was investigated as follows: forty
particles were chosen at random from 2 electron microscope grids, sampled
at the same position by each instrument: the size was around (.04 4 10%) ym.
The effect of additives on particle size was also studied using the mech-
anical sampler, The avérage particle size varied as(.04t 15%)um. This
suggests that additives did not, under these conditions, affect the
average particle size to any important extent. The significance of this

will become more apparent in chapters 6 and 7.
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It is worth noting that the average particle size did not vary
significantly in any position under any experimental condition. Finally,
the various points relating to socot sampling for the purposes of weight
and composition analysis have been discussed in detail, and there is no

need to repeat them here.

Conclusions:

The evidence obtained in the case of the methane flame which is not
illustrated here indicated that particle agglomerates were formed dur-
ing sampling. Although it was not possible to eliminate agglomeration
in the case of the propane flame, the evidence presented here would in-
dicate a similar conclusion up to the height concerned. The average size
of the primary particle does not appear to be affected by the different

sampling techniques or by the additives used.

44 Measurement of temperature using thermocouples

Thermocouples are among the most widely used instruments for measur-
ing temperature in industrial applications, as they are generally easy
to make and highly sensitive. Whether the test junction comes to equi-
librium with its surrounding medium depends on the particular case. When
a thermocouple is inserted into a flame, the temperature of the junction
depends mainly on the extent to which the heat loss by radiation is
compensated for by the heat gained by convection.

Temperature measured by an uncoated thermocouple may read a higher

value due to catalytic reaction of the wire. This may be reduced under

(162

certain conditions by coating the thermocouple with hexamethyl-disiloxane

In flames containing soot particles, the measured temperature is below

)
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the temperature of the gaseous.medium by a factor AT due to radiation
The deviation increases with prolonged exposure to the flame particles
The magnitude of the factor AT may be calculated using the following
equation:-
e(r -7 )?
AT = —Z = (4.1)

h
c

where € is the emissivity of the surface of the bead.

This equation may be obtained by equating ‘convective heat to the net
heat loss by radiation between the thermocouple and its surroundings at a
temperature T_.. This holds provided factors such as conduction loss along
the leads of a thermocouple, radiation from the surrounding gas and so
on, are negligible.

The gas temperature profiles shown in Figs. 30-33 were obtained using
a V-shaped thermocouple described in Chapter 5 which was coated with hex-
amehtyl-disiloxane. Had it been necessary to compensate the measured
temperatures for radiation loss, ¢ in equation (4,/)would have taken
three different values, depending on the location in the combustor. In
the blue reaction zone, no soot was deposited: any soot previously deposit-
ed was burnt away. A value of € = 0.22 as suggested by Kaskan(162)
could therefore be used when a hexamethyl-disiloxane coating was used.
Prolonged exposure to the hot atmosphere of this zone destroyed the pro-
tecture coating,which showed up as a sharp step-wise increase in the
reading on the chart recorder.

When the thermocouple lead was positioned outside this zone, soot
deposited only in very small amounts along the white coating on the ther-
mocouple. Assuming that this may increase the emissivity, we would ex-
pect its value to be either equal to, or slightly greater than, the
value € = 0.22 given by the coating. It should hcwever be mentioned

that in this region the temperature values fluctuated violently. The
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The values of the temperature used in plotting the profiles in Figs

(30 to 33) corresponded to the arithmetic mean of a number of fluctua-
tions, When the bead was positioned within the boundary of the blue re-
action zone, the small fluctuations of the pen recorder indicated a
regular response for a very short distance on the chart and then dropped
steeply as excessive amounts of soot deposited on the probe and

grew in the form of short filaments.

The steep, continuous drop in temperature occurred in the above
case much more quickly during sampling in the soot layer. In this region
readings had to be repeated more than once. Since the bead was com-
pletely covered in soot even in the region where the response was
regular, it is expected that the recorded temperatures are somewhat under-
estimated, as a result of the cooling effect due to radiation loss. The
emissivity in the region would be expected not to exceed the emissivity

of soot 0.95(25f)

. Although we have been concerned here mostly with
the regions where the reaction zone exists, the observations made are
also applicable to the region where the reaction zone did not exist.

It may be inferred from the above that the emissivity poses somewhat
of a problem, and its value is difficult to know for sure. Determining
the heat transfer would prove to be problematic, since a knowledge of
the size of the test junction is required, amongst other things. Even
if this was determined after every reading using a high-powered micro-
scope, there was no guarantee that the size measured would have corres-
ponded to the value of the temperature recorded. Since the readings of
the thermocouple were uncorrected for radiation, they were only useful
as an estimate of the temperature. The next step was to determine

the extent of reproducibility of the measurements since the magnitude

of the error is not known. This was found to be satisfactory. Profiles
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were duplicated in a number of cases and found to give an error of
less than 7% in the value of the mean temperature across the reaction

point-to-point measurements were in general easy to duplicate during the

same experiment,
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CHAPTER 5

DESCRIPTION OF APPARATUS AND PLAN OF EXPERIMENTS

5.1 Description of Apparatus

5,1.1 Main Apparatus

A general outline is shown in Fig. (10). There are two main
parts: a) Burner assembiy; a vertical section through the burner is
shown in Fig. (ll). This consisted of three sections:

i) The burner: was made of brass composed of three concentric tubes.
The fvel and air flowed through the innermost and outermost tubes respect-
ively. Oxygen was passed through the central tube to exit at the openings
in the nozzle. The bottom flange was fixed to a large, 175 mm gasket
made of Pierrite 60 which served as support and insulation. The gasket
was supported by three vertical bars of aluminium, 25.4 mm thick, which
were fixed to a metal plate at the bottom, each at the apex of an isosceles
triangle of side £ = 140 mm.

The gasket was held in position by two 3/8 inch nuts, one below and
one above each bar, The tripod system provided a means of levelling the
combustion chamber, by manipulating the nuts corresponding to each bar.

ii) The nozzle: a vertical section through this is shown in Fig. (12)

It was initially made of brass, but prolonged exposure to high temperatures
at the higher oxygen content tended to thin down regions of the ring at the
top of the nozzle on which the flame sat, which was only lmm wide. This
affected the stability of the flame and caused it to deflect by as much

as 20 degrees from the vertical. A similar nozzle was made of stainless
steel. It is interesting to note that the radiation profile did not seem
to be affected by the change of material except when the higher levels of
oxygen were added to the fuel. This indicates that the catalytic effect
of copper in solid or vapour form was not important at the position cited.

The nozzle consisted of six equally spaced vertical holes. The holes
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were first made using a one millimeter drill, They were later widened

to their present size of 2 mm. This was convenient as it reduced the
linear velocity of the oxygen coming out of each hole, thereby reducing
the distortion of the flame due to shear flow. Unequal distribution of the
flow may have resulted if the six holes were not identical, which is to

be expected when very small holes are drilled in stainless steel, unless
special precision tools are used.

iii) The air distributor: to achieve an even distribution of air at the
cross—section at which combustion occurs, the air annulus was packed with

4 mm diameter glass beads, supported on a taut wire mesh of copper above
the opening for the air inlet, After a number of trials it was clear that
such an arrangement was not suitable. Condensation of water vapour at the
colder walls, resulted in deposition of a water-soot mixture. With time
this reduced the effective surface area of air flow. The extent of this effect
on the distribution of air across the annulus was not known for certain.
When CKJ% was used the function of the distributor was greatly reduced or
even nullified.

A new distributor was designed taking into consideration these diffi-
culties, This was built of a number of brass tubes and is shown in Fig. 1l1.
Its performance was adequate as a rule. Partial blocking of the tubes was
noticeable in uuaexperimenté‘involving CC%V
b) Water-cooled Jacket: (or Calorimeters): Five vertical units placed one
on top of the other, were used to recuperate and thus deduce the net heat
flow to the walls. The first four were identical and similar to that
shown in Fig. (13). Each was composed of two concentric brass tubes of 50.8 mn.
and 60 mm I.D. respectively and 700 mm in length. There were four openings
at right angles to each other. Three served as sighting ports and the
fourth served to sample soot when the mechanical sampler described earliex
in chapter 4 was used. It was otherwise closed. The sighting ports in each

calorimeter were capped. A one-inch nut was modified to incorporate a glass
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window 3mm thick, with a key-hole type cover which could be slid-off to
observe the flame.

The fifth and uppermost unit was slightly different. It was made of two
concentric cylinders with the same inner dimensions as the first four and had
a length of 210 mm there was only one opening at the top and was unplugged
when the exit gas temperature was to be measured. Each unit except the upper-
most had tow end flanges. The five ugits, i.e. calorimeters were each separated
by a 2mm gasket and their end flanges were bolted together. This extra height
was neglected in the drawing of the plots and in the calculations in
chapters 6 and 7.

The water for cooling was fed from an overhead tank with a capacity
of about five times that of the five units. The water entered the lower-
most unit and left through the uppermost via a water rotameter (maximum
range 9.83 x 10—6 m3/sec of S.T.P. A "flow watchman" was positioned before
the rotameter to indicate whether the water was flowing normally. It con-
sisted mainly of a circular hollow tube made of clear styrene in which a
red ball moved freely. From the top stemmed an inlet and an outlet tube,
the ends of which could be connected with a standard hose.

The first step taken to reduce the amount of air trapped inside the
apparatus was to position the water outlet from each unit as close as was
practically possible to the top flange. The exist tube through which the
water left the system was extruded above the top of the fifth unit. The
rubber tubing carrying the water was squeezed a number of times before and
after the flame was lit until the flow watchman was free of air bubbles.

The flow rate was kept nearly the same in all experiments. Two considerations
influenced the choice of water flow rate. The first was that it should not
be excessive and thus cause condensation or fogging of the sighting tubes.

The second was that it should be sufficient to prevent steam formation.
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5.,1.2 Auxilliary Apparatus

a) Total radiation pyrometer: A land low temperature, radiation pyrometer,

type ORF/10/6 was used. The calibration table for a black body temperature
range 273-1273 K, provided by the manufacturers was used. The e.m.f., gen-
erated by the instrument was recorded on a chart released by a drum moving
at a speed of 2 revolutions per minute. Temperatures quoted in this study
correspond to the average output in 90 seconds. The pyrometer output

was independent of the detector temperature, between 273 and 353 K. This
was achieved inside the pyrometer by a shunt wound with nickel wire in
parallel with the junction thermopile. The total resistance of the pyro-
meter was 20 ohms at 293 K. The measuring circuit had a resistance of more
than 200 ohms and was therefore above the critical value at which the com-
pensating circuit of the pyrometer would become ineffective(163).

The pyrometer was held by slipping it into a specially designed
metal clamp in the form of a ring. This was tightened carefully around the
pyrometer by a small screw at its neck so that it did not slip or twist.

The ring was attached to the moving part of a cathetometer scale by a

metal arm which formed part of the clamp, so that the pyrometer was at right
angles to the vertical bar which formed part of the cathetometer body.

This meant that the pyrometer could be held in a horizontal position by
adjusting the screws at the bottom of the cathetometer.

The caps which ordinarily covered the sighting ports of the water
cooled jackets, each incorporated a glass window and could not therefore
be used to measured radiation 1 - 10 pum. Different caps, which incorporated
ArS3 windownsFig. (14), were hence used. During the preliminary experiments

on the apparatus, fogging of the ArS, windows occurred during operation.

3
This was more marked in windows 3 and 4 than in the lower windcws. Passing

a stream of nitrogen to screen the window is one way of overcoming this

problem. However, an extension tube (Fig. 15) incorporating a sliding
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P.T.F.E. gate was devised and screwed on to the side tube (facing the
pyrometer) at any of the four positions. The cap which it replaced was
screwed onto its free end, In this way it was possible to remove the cap
in order to clean it or to replace it with one carrying an arsenic tri-
sulphide window, without disturbing the flame as long as the gate
blocked the line of sight. The ArS3 window was held in place by two rubber
(neoprene) rings.

Since the lens diameter was several times that of the sighting
hole, it was necessary to have a device which would make it possible for
the pyrometer to be correctly aligned every time. A pointer carrying
a sharpened stainless steel rod was attached to the pyrometer casing.
The axis of the pointer ran through the centre of the lens. The move-
ment of the stainless steel rod was restricted by the length (20 mm)
of a slot which was cut at the side of the sleeve inside which the rod moved.
When the latter was in full extension its sharp end was 150 mm from the lens.
The disc of four caps housing the glass windows (described above) were
lightly marked in their centre with a metal puncher. The pyrometer was
then brought to the correct position by means of the cathetometer slide
and the pointer. The pointer was then retracted inside the sleeve; then
the capwas removed and replaced by the cap (Fig. 14) enclosing at one
end the arsenic trisulphide window. The pointer was carefully removed
from the pyrometer. Readings could then be taken, after the P.T.F.E. gate
was opened.

In this arrangement, the pyrometer was about 150 mm from the target.
The size of the target focussed through the lens at the detector thermo-
pile was about 23 mm at this sighting distance(l63). It consisted of an

aperture of 12 mm in diameter through which the radiant energy of the

flame left the sighting tube. The rest of the area was in the form of
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an annulus which formed part of the flat face of the brass cap carrying the

the ArS and was only a few degrees above room temperature,

3

b) Thermocouples

The flame temperature across the reactor was measured at various
positions by a Pt/Pt-13% Rh thermocouple. In order to increase the accur-
acy of its hot junction it was built according to Kaskan(l62) by fusing
very fine wires, 0.127 mm in diameter. Each wire was fused to a thicker
wire (.254 mm) of the same material, which acted as a support to the finer
wire. The final shape of a thermocouple is shown in Fig.l17a,i. Thermo-
couples made this way were too fragile and unsuitable for this type of
work, They required a lot of trouble and time to make and broke very
often, during an experiment or when the soot deposited on them was being
burnt off before re-use, and then had to be rebuilt.

The thicker support wires being reasonably thin, it was decided
that a thermocouple made of it would be stronger and hence more practical.
The thermocouple and its holder used throughout the main experiments is
shown in section in Fig.l7a,ii.Each thermocouple was coated prior to use
by hexamethyl disiloxane to minimise the catalytic effect which could
otherwise be induced at its surface. The set-up is schematically drawn
in Fig. 17b. When the fléme was first lit, the three-way valve was in
position (A) so that the stream of natural gas went straight into the A,Méker
burner, By turning the three-way valve into position (B), the gas bubbled
through the oily additive prior to entering the burner. A point worth
noting is that the coating of the finer thermocouple discussed above was
possible much more rapidly and thoroughly than in the case of the 0.254mm
thermocouple used later. Prior to coating the thermocouple was made to
scan the flame until the reading on the millivoltmeter connected to it
was equivalent to 1853 K. Once this position was located the rod carry-

ing the thermocouple support was clamped in position. This temperature
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is above that required to evaporate the silica compound and just under
that required to melt the thermocuple junction, 1973 K(lGZ). The latter
flame was also used to remove the socot deposited on the thermocouple
prior to coating with hexamethyl disiloxane.

The extension tube shown in Fig. 15 was also used when the tempera-
ture was being measured. It was transferred to the opposite side to
complete the temperature profile. The temperature was measured slightly
beyond the central axis on each side. The side facing the operator was
designated the left-handside (L.H.S.) and that opposite the (R.H.S.). This
was from the point of view of an observer looking through the third or
middle window. This window as well as that facing the thermocouple
was used to inspect the alignment of the thermocouple tip with respect to
the axis of the flame, the extent of soot deposition, and the position of
the tip inside the flame.

The chart recorder was made by Honeywell, and had a range of 0.1 to
1.0 mV. This was extended ta 20 mV by a suitable shunt when the thermo-
couple readings were taken, which was removed from the circuit when radi-
ation measurements had to be made.

A sudden pulse was sometimes recorded on the recording chart when the
gate was opened and the probe pushed in too quickly. This was discarded.
The next highest reading was used to calculate the local temperature. It
then was necessary to make a number of random temperature measurements every
time to check the accuracy of the results. These were made at intervals of
3 mm instead of the usual 1 mm.

Ten 1.5 mm Copper-constanﬁin thermocouples were used to mea-
sure the water temperature at the inlet and outlet of each calorimeter.
Another thermocouple of the same material was positioned just above the air

distributor and introduced from the side of the burner main body to measure
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the temperature a few millimeters above the air distributor. Each of

the ten Copper-constantin thermocouples as well as the Pt/Pt-13% Rh
thermocouple used to measure the flame temperature had a separate cold
junction. A selector switch type SPZ/P/MB with 24 positions supplied

by Croydon Precision Instrument Co. was used to connect the output -
e,m.f, from the various positions to a Cambridge Junior Potentiometer.
The mV read to three decimal points. Extension leads of copper wire were
used to connect the outputs from the selector switch to the potentiometer
and .as extension leads for the Pt/Pt 13% Rh couple.

c) Method Addition of Halogen

The halogen was added by diverting part of the fuel flow into two
glass bubblers kept at a constant temperature by a thermos flask and
connected in series. Each glass bubbler was about 200 mm in length by
20 mm inside diameter. Glass beads about 4 mm in diameter, filled each
bubbler half way. This was expected to increase their efficiency as the
result of the increase in mass transfer area. In order to ensure a high
degree of gas saturation at a particular temperature the water surrounding
the bubbler in the second flask was 5°C higher than the first.

d) Method of addition of heat

The air was preheated in a large stainless steel tube by two electric
tube furnaces, each 0.50 m long and positioned in series. The preheating

section was disconnected during other experiments, see Fig. (18).

5.2 Exploratory Studies Using the Apparatus

The interest in radiation from flames stems from the role it plays
in total heat transfer. The energy flux from a unit volume of solid-laden
gas is a function of both its physical and chemical properties. The solid

mass concentration, size distribution and temperatures of solid and gaseous
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media, fall undex the first property. The composition -of solid parti-
cles and gaseous medium fall under the second,

The following aspects were selected to quantify the effect of addi-
tives on the process of flame radiations:

1) The change of radiation and total heat transfer along the flame.
2) The temperature profile both along and across the flame.

3) The emissivity profile along the flame.

4) The change in soot weight énd éomposition along the flame.

5) Radiation and thermal efficiencies.

6) Visible flame lengths and widths.

To assist selection of the operating parameters, (i.e. flow rate of
C3H8.and air), a number of tests were undertaken. Initially, the effect
of varying the fuel flow rate between 9 and 24 mg/sec on the radiation
from the four windows was determined and is plotted in Fig. (19). The air
flow rate was kept constant at 300 mg/sec. The value of 15.2 mg/sec was
arbitrarily chosen for C3H8 because of its middle position among the curves.
In order to avoid unnecessary errors, readings were taken only after the
system had reached equilibrium. The time till equilibrium was determined
by measuring the heat transferred to the calorimeters during a control run
at small intervals of time. The heat flux was found to be constant in

about 20 minutes. It was shown in chapter 3 that addition of 0, to the

2
fuel or air may increase the sooting rate as well as the temperature, of

a flame, The effect on radiation of adding oxygen to the air was next
studied, The fuel flow rate was kept constant at about 15.2 mg/sec.,

and the total air flow at 300 mg/sec. Addition of oxygen to the fuel seemed
promising., As it was preferable that this should not be done through the
fuel stream, it was introduced through a separate passage as shown in

Fig, (11}, The radiation profiles are shown in Fig. (20).

Addition of small amounts of oxygen to fuel produced a relatively

larger increase in window one than when oxygen was added to the air. However
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the increase in window two was more important when oxygen was added to
the air, A minimum was observed at windows one and two when 8.9 mg/sec
oxygen was'added to the fuel, which was sometimes accoﬁpanied by a low
sound. In the case of windows 3 and 4, the radiation was always re-—
duced, although to a much greater extent when oxygen was added to the fuel.
The total amount of soot produced in a flame is increased with addition
of halogenated hydrocarbons (see chapter 3). Their efficiency depends

on the amount and type of halogenated atoms attached to the hydrocarbon.
Rather than study the effect of hydrocarbons containing different halo-
gen atoms, it was decided to vary the chlorine atoms in one fuel and to
study its effects on the total heat transfer, radiation, temperature at
the centre of the flame and the mean temperature across the flame. Numer-

ous additives (CH,Cl,,CHClL

5C1,, 30 CcCl etc.) were added by diverting part

4t
of the fuel flow into two galss bubblers in series, as was described in

the previous section. The concentration of additive was determined using
the method outlined in Appendix (I). Since CCl4 on decomposition produces
chlorine it would reflect to some extent the effect of addition of the pure
halogen.

It is possible to observe in Fig. (21) the general decrease in temp-
erature with additive. The variation of heat transfer and radiation with
additive indicated a general shift of the maximum towards the burner. Total
heat transfer from the four calorimeters and sum of the radiation from the

four windows was highest with addition of CCl, by about 10 per cent more

4

than the control run. 1In this set of experiments, the fifth unit was
absent and the results were expected to be useful only in defining the
order of effectiveness of the different additives.

On the basis of these observations it was decided to study the effect

of adding two levels of concentration of CCl,, namely .029 and .054 mole/hour.

4!

In both cases a slight increase in radiation was observed in window one and
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and to a lesser extent in window two, It was therefore concluded that the
lower concentration of CCl4 should be used since the higher concentration
produced only a negligibly higher emission in both windows, These results
will not be shown here as they have been repeated in Fig. (22).

The cold wall temperature, less than 350 K, was a nuisance as it caused
the by-products of halogenated additives to condense and pollute the air
passage. In time the flame became very unstable. The drain at the bottom
of the burner was quickly blocked by a greenish-blue viscous liquid. When
extinguished, the flame was difficult or impossible to relight except when
the system had been cleaned and thoroughly dried. The deposit was
noxious and the process of cleaning it was repetitive and time-consuming
The extinction was caused by saturation of air and fuel flow with conden-

(138)

sate, (see for example Creitz =~ ‘). The condensate in the fuel flow was

collected in the glass T-shaped piece which acted as the fuel inlet,

(Fig. 11). Having observed the separate effects of addition of CCl4 and

0 The effect of adding CCl, to the fuel and varying the oxygen to the air

2; 4
was next studied. The results obtained are plotted in Fig. 22. Comparing
Figs. 20 and 22, it is possible to observe a slight increase in radiation

at window 1. when small amounts of CCl4 were added to the fuel. The change
in radiation is linear rather than curved. Radiation at window 2. decreased
with concentration of CC14. The change in radiation at windows 3 and 4
with addition of oxygen to the air was less steep in the presence of CC14.
It is interesting that radiation at windows 3 and 4 increased when the
higher concentration of additive was introduced. There was on the whole
no overall beneficial effect, which indicated that addition of oxygen in
the absence of additive was more useful.

The last set of experiments were intended to verify the extent to

which the air preheat affected radiation and heat output in such a system.
1

Before undertaking these experiments it was necessary to determine the most
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suitable position for the thermocouple, which was connected to a tem-
perature controller by which the air preheat temperature was kept at the
desired level. It was initially expected that a few millimetres above
theair distributor would be correct. A copper-Constantin thermo-
couple was used to measure the temperature at this position, at various-
intervals of time after the flame had been lit. The results were plotted
in Fiq. (23) and show that in 20 minutes the temperature was about 307 K
but appeared to increase only to a small extent above this value. It was
therefore decided that this was not a suitable position and that a better
indication of preheat temperature could be obtained by placing the temper-
ature indication at the bottom of the burner, i.e. the tip of the thermo-
couple was below the air inlet,

Radiation from window one was increased to a greater extent and reach-
ed a maximum value at 393 K as is shown in Fig. (24). However the general
increase in radiation was not drastic. It appeared that due to the pre-
sent flame geometry, preheating at temperatures greater than 423 K would not
enhance radiation to an important degree, although it may upset the increase
as was observed at window no. 4. One may therefore conclude that the gen-
eral effect of additives is to increase the radiation at windows one and
two to different extents, except in the case of air preheat where the in-

crease persists up to window 4.

As a result of this exploratory study, the level of fuel and the total
air input of the control run was fixed at 15.2 and 300 mg./sec respectively.
Experimental conditions were varied as follows:

1) Control run, i.e. absence of additives.
2) Addition of two levels of oxygen to the air, namely 22.2 mg/sec and
44.4 mg/sec respectively.

3) Addition of four levels of oxygen to the fuel, 4.4, 8.9, 13.3 and
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16,9 mg/sec. The total volume flow in (2) and (3) was kept constant
by reducing the input volume flow of air,

4) One level of CCl, namely, 029 mole/h.

4
5} Preheating the air stream to 3 levels, namely 343, 393 and 443 K.

Finally, the symbols used in the diagrams to define these experimental

conditions are shown in table 5.
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CHAPTER 6

DISCUSSION OF RESULTS

6.1 Soot Composition

This section deals firstly with relevant work, discussed in previous
chapters, which is presented here in empirical form where this has not
been done by the authors. Thé purpose of this exercise is hopefully to
provide a guide in correlating the author's own data, which will be dealt

with in the later part of the section.

6.1.1 Formulation of relevant work

(6) collected soot from a flat premixed CH,-0., flame

D'Alessio et al 47 %

at various heights from the burner on cooled and uncooled quartz plates.
They had observed that a linear relationship represented the change of

9 with C/H ratio. Table (g) shows within the range 1.95 < C/H <3.61,

the values of temperature, and dispersion exponents 9, at different heights,
which were extracted from various curves provided by‘the authors. It was
possible to obtain by the least square method up to a height of 17.5 mm the‘

following correlations:

C/H = -.00785 T + 15.12 6.1
9, = 2—'2%’2 + 0.75061 6.2

The average per cent deviation, in both cases, is less than 2 per cent.
Mbove this height 95 remained relatively unaltered with decrease in hydro-
gen content of the mass of soot and absorbed material, collected on a cooled
probe, although this content was still high.
£y (31) X
Millikan showed graphically that gm for a number of soots was Dro-

portional to 1/(C/H) ratio in the range 0.33-1.0 pm. This data has been re-

presented on page (18) of this thesis as:
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_2.45
9 = “c/H

+ 0,66 2.18

The close agreement between eguations 6.2 and 2.18 is interesting consid-
ering that the first equation represents a change of 9, with C/H in one
flame and in one wavelength in the visible, while the second equation re-
presents the effect of soot composition this time using a number of deposits
from different flames and over a wide range of wavelengths including part
of the infrared. Each point in Millikan's graph from which the equation
was deduced was obtained in two steps. A value of 9, for a deposit was
first determined by using the extinction method outlined on page 25 for

a change between 0.33< A < 1 pum. This value was then plotted against the
inverse of the corresponding C/H ratio.

A point requiring ciarification is why the two different experimental
procedure followed by Millikan and D'Alessio et al, on the basis of which
equations2-18 and 6.2 respectively were deduced here, give values of
constants which are very close to each other, even though the approach
followed by Millikan obscured the influence of volatiles on by which was
reported by D'Alessio et al. The volatiles concerned were polycyclic aro-
matic hydrocarbons which have a boiling point of less than 673 K. This point
is important considering that g, was approximately constant, in D'Alessio
et al's experimentwhile the flame material had a composition of 2,C4.3H.
Millikan's study of 9 included soot which varied in composition up to C. _H

10
It had previously been shown that there was no correlation between km
o . (30)
and composition of samples of high carbon content of nearly 99.5 per cent .
This point will be taken up later in this section.
oo (51)

In chapter two the findings of Hottel and Broughton amongst
others were reviewed. These authors recommended a constant value of 1.39
for the dispersion exponent I in the visible and another ~1.0 for the infra-

red recionof the spectrum. These values were obtained from the data of

various investigators on transmissivity of soot layers from different sources
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and flames against wavelength, The position of collection and composition
of the sootswere not defined and the soot appears to have been collected
on uncooled glass plates and therefore dehydrogenation of the flame mat-
erfal during collection cannot be ruled out. The authors also showed that
I may vary for one type of fuel with position in the flame.

At this stage it would be rxaper to refer back to the work of Dalzell
and Sarofim(4zéiscussed in Chapter 2,p.44. These authors almost covered
the range of the dispersion exponent (gm) determined experimentally by
only considering in theoretical models the change in the number .of free (or
conduction) electrons per unit volume Fc. This led them to conclude that
the soot composition and to a lesser extent the molecular structure, were
responsible for the different values of the refracture index and dispersion
exponents of soot. Also an increase in Fc would lead to an increase in kA‘
This seems to be true up to a certain point. ‘The spectral dispersion ex-

. . 9
ponent g, Wwas shown to acquire aconstant value in some cases(6)( ) though

the soot hydrogen content was still high C4 3H(6). The models(42)

therefore do not appear to account for this stage. 1In this region and

beyond it,
;&—Bﬁnkx/aﬂnx

Since kk may only vary as soot dehydrogenates further. In the region
where gA tends to be constant, its meaning is somewhat obscured, as it
is no longer related to the compositions of the soot and the spectral ab~
sorption coefficient and refractive under are nearly totally dependent on
soot structure., The different structures would be expected to give
different values of kk as a result of the different conductivity of
the soot deposits in question.

Unfortunately, we have to qualify the previous comments, which con-

cern the region which g o const., to the visible region of the spectrum.
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No similar study of gA against height and compositions appears to have
been made,One is therefore unable to predict for sure, if a@y will everntually
tend to a constant value, considering its known dependence on wavelength
in this region (see chapter 2).

If we conclude from what has been said that g) 1is a measure of heavy
hydrocarbon gas phase emitters, at least in the visible, then it is
easy to understénd why the emission coefficient of a number of soots which
contained about 99.5 per cent carbon, did not correlate with composition.

This would be equivalent to a composition of about C H assuming that

8.3
the rest of thecomposition was all hydrogen. 1t is perhaps easier to
accept that at such high C/H ratios, the mean factor which determines the
value of m is the way microstructure develops with temperature, than at

lower values such as C It is unfortunate that the change of m

H.
4.3
and hence k) has not been studied in the regions where 9 = const.,
as this would have provided indirect information on the extent of growth
and ordering of the graphitic layers within a soot particle or agglomerate.

. . (51)
Finally referring once more to the work of Hottel and Broughton R
it would appear that a constant dispersion exponent for the visible regions
as was recommended by them, is representative of the region where 9y

(9)

remains approximately constant. Bonne and Wagner and Dalessio et

41 (8}

obtained assymptotic values of 9y > 1.50 and 1.42 respectively while
collecting the soot on a cold plate. It is attractive to recommend a value of

of g = 1,46, to represent approximately the visible, which bounded by the

two extremes of gas stability i.e. acetylere and methene.

6,1.2 Chemical Analysis of Soot

In this work the composition of soot was determined by an elemental
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analyser Model 1102, made by Carloc ERBA, Milan. The apparatus could
analyse for C,H,N and O, Analysis of oxygen could be carried out through
a separate channel. This meant that two samples were required to switch
rapidly from one type of anlaysis to the other if the amount of oxygen
had to be determined. In effect this was not required as the percentage
of oxygen was negligible in this case.

The sample holder accommodated samples (O - 20). The O hole was
usually aligned above the free space on a base plate which was just
below it and through which the sample dropped into a tubular vertical
furnace, Two standard smaples of cyclohenxanone - 2.4 dinitrophenylhydra-
zone supplied by the manufactures were then placed in holes no. 1 and 2.
The two following holes were left empty. to ensure that sufficient time
would have elapsed before the experimental samples were introduce and
in this way avoid their being contaminated by the standards, which have a
relatively high hydrogen content. The remaining holes (except the last)
were used for the experimental samples. The last experimental sample
was always followed by one standard sample of analar acido-benzoic acid.
This served as a double check and to provide information on the effect
of one sample on the other.

The flame material collected from windows 1 to 3 had, prior to
analysis been extracted with chloroform and therefore the percentage by
weight of the carbon in the soot was 90%. Under such conditions it was
advisable to switch over the sensitivity of the CO2 to that of HZO and
vice versa manually during analysis as an electronic integrator was not
available, About ten minutes were required for each sample to be analysed,
during which the sample holder rotated to align the next sample hole above
the hole in the base disc. It is expected that under optimum conditions,
i.e. homogeneity of samples, operating conditions, etc., the error would

be less than + 0, 3%.
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a) Quantitative Calculation of C, H

As no suitable integrator was available, sample peak areas were
measured using a planimetre. The response factor for each element was

calculated as follows;

K = Percentage of element in theoretical standard x Wg

; RN

Ke(Ag — &)
W o
e

Percentage e in sample =

where e = element to be determined (i.e. C or H).

W_ = standard weight in mg.
W_ = sample weight in mg.
A = area of standard sq. mm

Ab = area of blank sq. mm

b) Evaluation of analytical procedure

In order to evaluate the analytical procedure seven samples of
Cyclohexanone- 2.4 dinitrophenylhydrazone plus three standard samples
of Acido-benzoicacid, also of analytical purity were analysed in one run.
The response factor for the batch was calculated using the data of the
second sample. This procedure was also followed when C/H ratio of the
insoluble fraction had to be determined.

To test if the sample mean of 6 samples (the second was excluded)
of cyclohexanone- 2.4 dinitrophenthydrazone was statistically equivalent
to its standard value, J determined from its chemical compositions the
student analysis was used: t was calculated as:

__ S
t = (L - x) X

2%



The results were of desired quality, at 99 per cent probability level,

i.e p = 0,808 +,003, which indicated a high degree of precision, although
the error on a .single analysis was not small. This test was not repeated
in the cases of acido-benzoic-acid on the basis that the number of samples
wereonly three and since the deviation from the arithmetic mean, i.e.
X-X/X was slightly less than in the case of the first standard. However,
it should be pointed out that this does not represent the accuracy of

C/H ratio of the experimental samples.

c) Sample Preparation

The purpose of this section is to discuss the effect of the additives
on the composition, i.e. C/H of the particles in the soot mass, and not the
composition of the emitting mass, i.e. solids and high molecular weight
compounds. Soot collected on a cold probe in some regions of the flame
especially in the region of particle formation and growth, is coated
with high-molecular-weight compounds. These have been known to contain
large amounts of polycyclic aromatic hydrocarbons.

Ray and Long(37) treated soot collected from the exhaust of a number
of flames with chloroform (CHC13) and n-pentane according to the scheme
shown in Fig.(3). They found that polycylic aromatic hydrocarbons
accounted for the major part of the n-pentane soluble material. These
compounds may represent up to 2/3 of the chloroform soluble material, the
amount, however, is shown to vary under different conditions(33’3s'llz).
It is, therefore, better to refer in general to heavy hydrocarbon emitters
rather than to a specific group of compounds, unless they happen to be the
only major species of importance in the spectral range being investigated.

Another point of interest is, that soot collected on a cold probe

at the exhaust of a flame will have associated with it heavy hydrocarbon

molecules. It is also possible that soot particles in the flamewill also
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have some associated compounds. If this be true, one would imagine that
the amount will depend on their concentration neighbouring the particle,
which may be governed by a sort of dynamic equilibrium situation. It is
therefore reasonable to expect that the sample wihch is to be treated with
CHCZ3 or even after treatment does not represent the nature of the soot in
the flame. The extent of the deviation in each case may remain unknown
until the nature of the soot in "situ" is known. An attempt will be made
at the end of the following section to partly resove this point.

At this stage we may question the general use of the word soot to
define material collected on cold probe or via a suction probe, for
they will invariably contain, to various extents, polymeric materials
which exist in the flame gas. 1In the region where polymeric materials do
not exist in important concentrations, there is no controversy over the
definition. The word soot, however, was used to name the flame material
collected from all four windows. It should however, be noted that
polymeric material deposited with the soot collected from windows 1 and
2 under all experimental conditions and in a number of cases from window
3. A possible suggestion is to define in such cases the flame material
as soot (+p) where p stands for the polymeric materials. In this way
soot would only be used when referring to the particles produced as a
result of incomplete conbustion of a hydrocarbon in the gas phase.
Having discussed this somewhat important point in some detail, the
experimental procedure will next be described.

After the soot had been collected in the present experiments, the
high molecular weight compounds adsorbed were extracted with CHCl3. This
was achieved as follows:

Eight volumes of CHCl3 were added to about one volume of soot in
a standard V-shaped centrifugal tube. The insoluble fraction of soot

was separated from the soluble in CHCl, by centrifugation. The liquiad

3

portion was poured out rapidly to prevent any loss of solid. These steps
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were repeated a nurber of times, three timcs was sufficient in general,

until the colour imparted by the soot to the CHCl, ceased to appear. When

3

a number of such samples were ready the excess of CHCl3 was boiled off

in a water bath kept at around 373°K for a few minutes until the samples

locked dry upon inspection. This was preferred to boiling off the excess

at some distance above a flame, as there was the danger of losing the sample

while the CHCl3 was bubbling_off. Another drawback was the possible

dehydrogenation of the soot in the process of removing CHCl3.
The tubescarrying the insoluble soot fraction which were practi-

cally free of CHCl3 were then stood in a specially designed perspex holder

and placed into a vacuum desicator containing silica gel in its base. The

dessicator was evacuated for a few hours and the samples were left over-

night under vacuum to ensure that they would contain minimum moisture

when they are weighted. It is not known however, if this procedure would have

removed any residual choloroform, which may have contained dissolved in it

lower polycyclic aromatic hydrocarbons(l64). The soot was weighted in small

special tin containers (4 x 4 mm.) in a Sartorius'electronic microbalance

model 4125. The weight of the insoluble fraction prepared for analysis

varied between 0.4 - lmg. Each tin cup was folded, closed and flattened

carefully, using a small spatula and a pair of tweezers. The sample was

reweighted to ensure that soot was not lost during the process.

Each sample of soot in its tin container was introduced into a small
dry and labelled glass tube,which had previously been cleaned with alcohol.
The samples were dried once more under vacuum and kept in the dessicator.

The vacuum was only released when the samples were to be introduced into
the sample holder which was housed in the H,C,N analyser. It was hoped
that if these laborious steps were followed for each batch of samples, and

the different stages, e.g. centritugation, weighing, etc., were performed

within approximately equal times, the operator error during the preparation
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\

of the sample would be reduced, therefore minimising one of the main
sources of inaccuracy of the results.
It is worth noting that addition of oxygen diminished the intensity of
the yellow colour imparted by the material extracted from soot collected
from window no. 3 or made it disappear altogether. The soot extract
from window 4 was found to be c¢olourless in a number of experiments, and

the composition of soot collected from window 4 is that of untreated soot.
See table (4) the colours reported in the table are those visually observed
when the V-shaped centrifugal tube was held against the sunlight. However

when the extract was collected in a small beaker it had a dirty brown colour.

6,1,3 Dependence of the C/H ratio on the mean effective temperature

The experimetnal data of D'Alessio et al(s) presented in section
6.1,1 indicates that a linear relationship exists between temperature
and C/H ratio, This is in agreement with results obtained in this thesis.
The results corresponding to the insoluble fraction of socot collected in
window (1), using apparatus described in chapter 5, are plotted in Fig. (25a)

against the mean effective temperature of the soot, T (Appendix II).

t
This represents the mean temperature across the flame of thickness (t)
rather than across the combustor. The least square method was used to ob-

tain the best straight line for the twenty five samples analysed in the

case of window 1. This resulted in the following equation:
C/H = 0.01355 T_ - 9.6990 6.3

which 1Is expected to be only valid within the experimental range of T

EE and C/H studied. The above equation appears to represent the ex-
perimental data reasonébly well giving a value of the correlation coeffi-
cient (r) = 0.57 and is significant at 5 per cent level. The straight

line in the above figure was drawn using the predicted values of the Cc/H
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ratios The nunmber of readings at each experiment varied from 1 to 5.
These correspond in Fig. (25a) to the points plotted vertically at each
temperature,

The C/H ratio of the soot collected under various conditions' in
window no, 2 were also plotted in Fig. (25a). as circles and seem to be
well represented by the above equation. This indicates that it is possi-
ble to represent the change in both regions by nearly the same constants,
which is interesting considering that the sampling positions in windows
(1) and (2) are 70 mm apart, involving a residence time in the range of
0,07 seconds (see Appendix II), The apparent lack of a residence time
effect in this flame is further evidence of the direct effect of E; on
the rate of formation of soot.

In the case of window 4, it may be shown from Fig. (25b) that there
is less interdependence between C/H ratio and Tﬁax' This is indicated
by the value of the correlation coefficient i.e. r'= -0.52. This is under-
standable considering that it corresponds to a zone in which the soot
yield is in decline and in which the role of molecular oxygen may be
important. The C/H ratio of the insoluble fraction of soot collected from
window no, 3 was also plotted on the same graph for comparison. It is
possible that the scatter in the results obtained above could be reduced
had the residence time been considered together with the temperature.

A least square fit to the data at window 4 produced the following
equation:

C/H = "0’01153Thax + 18.52 6.4
It is interesting to point out that the ratio of the constants in
this equation and those in equation 6.1 which represents D'Alessio et al's(e)
data is close to 1.35. This value represents the sum average of the ratios .

However, the significance of this common factor is unknown and may have

emerged by chance.
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The negative relationship obtained from D'Alessio et al's data
(equation 6.1) represents a region above the reaction zone of a flat
premixed flame in which the oxygen concentration was consumed and in
which the stable gaseous produces which had been analysed were relatively
constant. The only important variants were the particle number concentra-
tion (particles/cm3sec), which increased steeply and the polycyclic and the
aromatic hydrocarbons concentration which was in constant decrease. The
former reached a maximum near the end of the region in which this equation
is valid. However it must be noted that in D'Alessio et al's experiments
some pyrolysis of the input fuel (CH4) occurred up to a height of 10 mm,
which accounts for part of the increase in soot weight or particle
number concentration, the rest being accounted for by the contribution
of polycyclic aromatic hydrocarbons as well as other hydrocarbons. Equation
6.4, however, represents a region where the concentration of large mole-

cules is unimportant or probahly non-existant.

6.1.4 Effect of additives

The curve representing the various additives are plotted in Fig. 26.

The lines or curves are drawn through the arithmetic mean values. It is
possible to observe in Fig. 26a a linear variation of composition when
oxygen was added to the fuel. When the oxygen was added to the air the
change took the form of a curve. The change observed here results from
the increase in temperature produced by the additives. However at window
4 oxygen first produced an increase in C/H ratio followed by a decrease
Fig. 26b. The change was more abrupt when the oxygen was added to the
fuel, The effect of air preheat on the composition analysed, it is not
possible to be conclusive about the actual trend. However, judging from

scatter of the data in Fig. 26a and b there seems to be no important effect,
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The same can be said of the effect of additives on the average particle
size of the primary particles these ranged around ,04um (see chapter 4)
The relatively high molecular formula of soot observed here, in

general 2 C_H and the.apparent increase of soot C/H ratio with addition

7
of oxygen in windows (1) and (2), together with the insignificant change
in average particle size (see chapter 4), presented evidence that the
effect of the additive may be relegated to a temperature effect. Attemp-
ting to explaih the high C/H ratio in such regions where soot continues
to form, suggests a role played by reactive hydrocarbons of relativey
. . . (99)

high C/H ratio, possibly polyacetylenes as was suggested . However

one cannot discount the possibility that polycyclic aromatic hydrocarbons
may contribute to the surface growth of these particles. This was found

to be of the order of 2 to 3 per cent in one case(65).

Much lower C/H ratios of soot have been reported elsewhere(65) for
the case of a flat CH4/O2 atmospheric flamef After the polycyclic aromat-
ic hydrocarbons had been removed by heating soot samples at 450°C, a
value of 2.94 was recorded for the post-flame region (~7 mm above the
burner mouth) and 4.17 (at about 20 mm) which corresponded to the height
at which total solid material tended to become constant. The effective
particle diameter (determined optically)increased from about .035um at
7 mm. to 0,16 Um at this height indicating the presence of particle agglo-
merates. |

This is interesting when we compare these values with the C/H ratio
of the flame material, which varied from 3.82 to 4.02 up to window (3)
in the control experiment in this thesis. To explain the slow increase
in C/H with height. D'Alessio et al(65) proposed that surface growth of
primary particles was provided by compounds with a low C/H ratio such as
'reactive' polycyclic aromatic hydrocarbons, followed by rapid dehydrogen-

ation. Other factors to which they attributed their low C/H ratio were

the increasing rate of soot formation and the fact that the temperature
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was relatively low at this fuel/oxygen ratio. Observation of particles
formed in this CH4/O2 flame by transmission and direct electron microscopy
would have provided a useful insight into the mechanism of formation.

A last point to be discussed is the relationship between the in-
soluble fraction in chloroform and soot particles in the flame. Referring
to Figs. (26a-c) we may immediately observe that, there is a certain
degree of scatter in thevalues of the C/H ratio under one experimental
condition. This is generally less than * 15 per cent of the average value.
The scatter may be due to experimental error or to the inhomogenity of
thesample realting to one position. There is also an obvious overlapping
of the composition values, in windows 1 and 4 for the experiment. Consid-
ering the error referred to above, plus the fact that the soot at window
4 must have been formed within the blue reaction zone i.e. windows 1
and 2,would indicate, that these particles may be the same. This would in-
mean that the composition of the insoluble fraction changed only slightly

as it travelled within the flame.

Conclusion

In the first part of this section we showed that the linear relatin-

6
ship between g, and C/H ratio obtained from D'Alessio et al's( ) data

was confirmed by Millikan's(3l) results, which were obtained by a differ-
ent approach. Another interesting éspect brought out here was that the
composition of the insoluble fraction of soot was to some extent linearly
dependent on the temperature (EE) in the region where their reaction zone
existed. The correlation with Tmax was negative in the region where the
amount of soot was decreasing, that is in window 4 and was of the same
order as that observed in window 1.

The effect of additives on composition is not in general considerable.

This would indicate that the change in composition of soot particles (C/H ratio
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>7) in the flame does not have an important effect on radiation. On the
other hand, the concentration of emitting hydrocarbon molecules in the gas
phase in the flame would be expected to influence radiation as a result of
a change in composition. It is possible in this way to attribute the op-
tical properties of soot particles in a flame mainly to the density and
microstructural arrangement of the hexagonal platelets inside each parti-
cle. An exception is when the C/H ratio of the solid particles is
unusually low as was observed in D'Alessio et al's(65) case. In the
optical properties and hence the extinction coefficient are expected to vary
with hydrogen content of the soot. Finally, it is possible that the com—-

position of flame material which is insoluble in CHCl is very close to

3'
that of the particles in the flame.

6.2 Soot Xield

Figs. 27-29 represent the soot yield obtained from different levels
along the height of the flame using a cooled quartz probe (see chapter 4).
Each value is the average of ten samples and is bound on either sides by
one standard deviation-. The average amount of soot up to window 4 is also
represented in Fig. 29)so as to reflect the overall particle emission up
to this stage. The latter was obtained by integration using the following

expression:
z

v"Eaz 8.6

o

T =
av

N |-

where z = height which equals 245 mm up to the centre of the fourth window

6.2.1 Effects of Oxygen

The results obtained from the measurements show that addition of re-

latively small amounts of oxygen to the fuel produced comparatively greater
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changes in soot yield and maxiﬁum temperature than when comparative

amounts were added to the air side. 'This observation may be explained

if it is taken into account that the yield of soot at a given height is

the product of two competing reactions: i) soot formation and ii) soot
oxidation. Soot is mainly formed in a diffusion flame in a relatively thin
boundary that runs parallel to the blue-reaction zone, mainly as a result
of the pure pyrolysis of the fuel, (see section 6.2.4). It is therefore

to be expected that an increase in temperature across the pyrolysis zone
would result in a greater soot yield.

This is due to an increase in the rate of build-up of a number of
larger molecules via smaller molecules, hence of certain molecules re-
sponsible for the nucleation and growth of a soot particle. Addition of
oxygen, even a small percentage of the stoichiometric requirements, to the
fuel or air would be expected to form OH, O and other radicals. This would
result in a higher rate of combustion and hence heat released in this way
would increase the temperature in the blue reaction zone as well as across
the pyrolysis zone. This is borne out by the temperature profiles in
Figs. 30 and 31.

Due to the presence of these oxidising species (02,OH,O) the soot
oxidation of large molecules of species of importance during the build-up,
occurs more rapidly by reactions such as the following:

CnHm + OH > H,O + CnHm

2 -1

However, the increase in temperature is expected to boost the rate of
occurence of successive steps leading to the formation of the soot pre-
cursors.

The amount of hydrogen formed during the process of formation and
growth of a soot particle and of carbon monoxide might also encourage

the destruction of OH radical by reactions such as:
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+ + H
H2 OH - HZO

CO + OH —+CO2 + H
These reactions have been reported to occur in the cooler part of the oxi-
: . (87) .
dation zone of a premixed C2H2/O2 flame . Such reactions would be
expected to stop the penetration of OH inside the carbon-forming zone of
a diffusion flame and provide for H,O and CO, which are believed to be the

2 2
65,132,166 . .
soot-oxidising agentsl . The effectiveness of OH and O radical

has béen discussed elsewhere(l67).

A minimum was observed in window 1 when oxygen was added to the
fuel Fig. 27a. ' This may have been caused by diffusion of sufficient oxygen
into the soot-forming zone before the increase in temperature was effective
At higher oxygen concentrations the pyrolysis effect predominated over the
oxidation effect until a maximum was reached and the dominance was once
more reversed. At window 2 there was no minimum however the curve went
through what appeared as an inflection point Fig. 27a. This indicated
the general domiance of pyrolysis over oxidation.

At windows 3 and 4, a minimum was once more produced at small oxygen
concentrations and was probably caused by the amount of oxygen diffusing into
the soot zone Fig. 27b and c. However the dip was more obvious than in
window 1. At window 4 the curve appeared to become horizontal with increase
in oxygen added to the fuel, this indicated that the oxidation process at
this level was slowing down even though the amount of oxygen might have been
sufficient Fig. 27d.This phenomenonwas caused by a reduction in temperature
at window 4 with addition of oxygen, which is borne out bv Figg, 33a and b.
The decrease in temperature is also an indication of the flame shortening.
Finally,similar reasoning may be used to account for the affect of oxygen added
to the air on yield of soot, except for the factor of oxygen presence inside
the soot-~forming region which is not involved.

It is also observed that as the flame shrinks, with addition of

oxygen, the outside diameter of the flame decreases while its hollow centre
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shrinks, i.e. the thickness of socot cylinder increases. The maximum temp-
eratures in Figs. (30) and (31l), correspond to that of the reaction zone
It should be noted that it is appropriate to picture the soot-forming
region as a hollow cylinder only as regards narrow strips of the flame.

It may be deduced from these figures that the extent to which the
flame shrinks, indicated by the distance between the two maxima,
is greater when oxygen is added to the fuel than when an equal amount is
added to the air. This is understandable considering that in the former
case an additional factor comes into play, namely the physical presence
of molecular oxygen and its products of decomposition. This increases
reaction rate as a result of fuel degradation.

The effect of the size of the soot-free volume inside the flame on the
velocity of the unburnt fuel inside the hollow may also be of some import-
ance. However in this context the fuel may be considered to be any small
gaseous intermediate product that is convertible to soot. The height in-
side the flame at which C H8 almost completely disappears has not been de-

3

termined

6.2.2 Effectsof Preheating fhe Air

This is best understood by referring to Fig. 28a. A decrease in
soot yield occurs as the air is preheated, but this trend was reversed
at temperatures above 350 K., The progressively greater increase with
height (position of window) as the temperature was increased above 350 K
seemed to follow the increase in temperature profile (Figs. 32) and (33).
This was true except for the yield at window no. 2. Wwhen the air was pre-
heated to 373 K, a sudden jump in the yield occurred. The magnitude of
the deviation indicates that there is a high probability that this trend
is real. The sharp increase with temperature of air preheat can once more

be explained on the basis of the predominant action of the pyrolysis re-
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actions as against those of oxidation. However the closeness of the
temperature profiles in Fig; 31c suggests that aerodynamic factors rather
than thermal were responsible, that is the time during which cracking
occurred before mixing was prolonged.

There seemed to be no direct explanation for the decrease of soot
with air preheat up to 330 K except as a cohsequence of the increase in
velocity of air and fuel which reduced the time for cracking before mix-
ing set in. The slower increase of soot which occurred when the air was
heated to higher temperatures resulted from the change in the aerodynamics
(mixing) pattern which influences the extent of soot oxidation. However
the observed increase in temperature at windows 3 and 4 indicated its in-
fluence on the soot formation process. The effect of air temperature
on the soot formed up to window no. 4 is represented in Fig. 2%9b for

comparison.

6.2.3 Effectsof CCl4

Halogenated hydrocarbons have been studied in a number of publications
which are reviewed in Chapter 3 in some detail. The experimental results
are plotted in Fig. (28b) together with the control experiment (no. 1).
Although the amount added was very small, it resulted in an obvious in-
crease in yield up to window no. 3. The decrease that occurred after that
was also related to the decrease in temperature profile. Addition of CCl4
is expected to reduce the rate of soot oxidation and therefore result in

more solid particle pollution. The mechanism by which CCl, is expected

4
to act during combustion has been detailed in Chapter 3 and will therefore

not be repeated here.

Miller* reported that in a low pressure C2H2/O2 diffusion flame,

*
See comment ref. 96.
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addition of up to 0.5 per cent by vol. CCl, made a non-sooty flame turn sooty.
X + + +
The concentration of positive ions such as C3H3 , C4H3 and 92H'5 were

greatly increased. A similar effect was obtained by increasing fuel rich-

(93)~ There is therefore no doubt that both occur simul-

ness elsewhere
taneously. The reverse can be brought about by electron or metal seeding,
as detailed in Chapter 3. Before translating the effect of the additive
in terms of an ionic mechanism we should consider two conflicting points
of view related to chemical inhibitors by halogenated organic compounds.

It was suggested(l38) that gases which capture electrons such as
H20, N2 and halogenated organic compounds, have a strong influence on the
process of combustion. Only those which have a strong negative electron
affinity can act as inhibitors, e.g OH—, 0 and negative halogen ions. Re-
cent evidence indicated that inhibition is mainly neutral rather than

.(168). This would

ionic. This could occur by removal of H, O, OH, etc
be a more likely explanation and would explain the soot-promoting efficiency
of these additives when added in very small amounts on the basis of the type
of halogen. The relationship between the soot inhibiting effect of hydrogen and
the concentration proﬂle of charged heavy hydrocarbons would, however, be in-
teresting to know.

.One would be inclined here to favour the dominance of chemical effect
over the ionic. However until further evidence emerges from new work it is
not possible to elaborate any further. Finally, it is interesting that addition
of small amounts of CCl, produces as much soot as in the case of preheating
the air to 420 K, (see Fig. 29b).

6.2 .4 Relationship between soot weight and temperature

A plot of the soot weight against temperature showed that the

following relationships stood for window 1 and 2 respectively:

T= .1126 Et— 123.7

al
1}

.2355 it - 256.4
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These were obtained using the least square method and are highly significant
at 95 per cent level, see Figg¢.34a and b, At windows 3 and 4 there was

very low correlation between soot weight and temperature, see Fig. 34c and
d. The decrease of correlation with flame height within the bluee reaction
zone is possibly connected with the relative decrease in amount of heavy
hydrocarbons collected with the soot. Upon inspection of those two equations
it became apparent that the rate of flame material collected at window 2

was about twice that at window 1. The net rate of particle formation, at
any position in the flame, is dependent on the temperature and residence time
of the different species which contribute to soot formation, as well as the
extent of attack by HZO and CO2 (see discussion to follow).

A linear least square fit of the data in the form
c = f(residence time x EL)

produced a lower correlation than when the residence time was not considered.
This may have resulted due to the fact, that the residence time calculated
according to Appendix II, fails to take into account, the decrease in flame
thickness that follows the addition of example oxygen. The reduction in
such cases may reach up to 38 per cent of that in the control run.

One should consider, however, that the flame material which was
collected at windows 1 and 2 is composed of soot plus polimeric material.
The quantity used to correct the residence time in Appendix II should there-
fore give more weight to the effective flame temperature Ek, since the zone
formation of soot or precursors is somewhat removed from the blue reaction

zone, One would therefore recommend the use of Tt + Tmax/2 rather than

Tmax in the correction factor. Finally, one would at this stage prefer to

refrain from further contemplation of various possibilities due to the lack

of necessary data and considering that it is likely that some other important
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factor has been missed out.

Discussion

It is appropriate at this stage to analysis the various points of view
concerning the oxidant of soot particles in diffusion flames, A review of
the literature shows that there is some objection to considering the
flame reaction inside the fuel zone of a diffusion flame as a purely thermal
process., Traces of oxygen were detected at the lower part of a methane/
air diffusion flame, The disappearance of methane at temperatures several
hundred degrees below that at which methane decomposes was evidence that
oxygen enhanced the pyrolysis process in that region(169); The appearance
of C2 and CH bands on the fuel side of the main reaction zone where OH is

minimal,(l7o)

would indicate that decomposition is not purely thermal.
Further evidence, such as the presence of chemically-bound oxygen

in the form of hydroxide and carbonyl groups in material extracted from

soot by solvents, indicates that soot oxidation does not necessarily depend

on diffusion of molecular oxvgen into the soot zone, but that diffusion of

O and OH radical is a reasonable substitute(qo). This would be in partial

agreement with Bradley(l7l) who suggested that OH may diffuse into the fuel
zone and contribute to its pyrolysis.
Experimental evidence has been presented by Tsybulevskii and Tesner

(165,166)

Tesner to the effect that no molecular oxygen exists inside the

flame as long as a flame front exists. Spectroscopic observations in a

flat C2H4/O2 diffusion flame indicate that molecular oxygen OH does not
(25)e N (132) .

penetrate the soot boundary . Ibirricu and Gaydon pointed out

that some premixing may occur close to the burner edge in the region where

C2 and CH bands occur; their intensity will decrease with pressure. The

occasional presence of molecular oxygen is also caused by the presence of

a similar premixed region close to the cool edge of the flame.
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The presence of chemically bound oxygen in soot extracts in not a

OH or O within the
0)

. 4
boundary of the soot zone. Since in the reports in questlon( soot was

precondition for the presence of species such as 02,

sampled at the exit of the flame, it is reasonable to expect that chemisorp-
tion of oxidising species would most likely occur at the top of the flame,

in the region where the combustion front ceases to exist. There seems to

be little to corroborate that OH or even molecular oxygen is involved to

a great extent in hydrocarbon pyrolysis or soot oxidation, except in Region(2)

where the flames frontdoes not exist or under conditions of parasitic

¢

diffusion in the cold boundary surrounding the fuel port. The question that
has yet to be resolved is, which species are then responsible for the

oxidation of soot inside the blue reaction zone which will be called Regioﬁ
(1), It has been suggested that soot burn-up occurs at the soot surface or

within the soot zone, by reaction with H,0 vapour and CO, which diffuse

2 2

from the main reaction zone(165’l32'l66). H2 and CO formed will diffuse

back to be reoxidised close to the oxygen side of the reaction zone. This
will be the situation as long as the concentration of fuel or decomposition
products can support the hypothetical wedge of combustion products, separa-

ting the two distinct zones. Molecular oxygen may only penetrate in the

16 6 .
region where the blue reaction zone does not exist( 5,16 ). This is

believed to occur when the CO concentration at the edge of the flame falls

below a minimum value(l65).

1
Lastly the role of oxygen and that of air according to Feugier( 72)

2
and Comerford(l 3) respectively would be compatible with both Ibirricu

(132) (165,166)
and Gaydon's and Tsybulevskii and Tesner's ! hypothesis only if we

assume that their results apply to what has been referred to as Region (2).

That this is the case can be deduced from a careful analysis of their

(173)

discussions. The woxk of Lee, Thring and Beer as well as Fennimore

(174,175)

and Jones also falls in this region.
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Conclusion

It is reasonable to conclude that soot is mainly oxidised in the
region where the flame front exists, by CO2 and HZO' However OH may be
also effective at theinterface between soot and burned gases. On the other
hand, in the Region (2) where oxygen penetrates and is present in sufficient
amounts, hydroxyl radical formation is possible and may enhance the rate
of oxidation of soot. The relatively high correlation of the hydrocarbon
flame material with temperature, obtained by the author within the blue
reaction, together with the evidence presented in this section, favour

the hypothesis that the decomposition inside the fuel zone of a diffusion

is mainly a thermal process.

6.3 Temperature

The method of obtaining the temperature profiles drawn in Figs. 30
to 33 and their reliability have been discussed in chapter 4. With each
figure the corresponding control run (i.e. experiment one) was redrawn to

provide reference for comparison.

6.3,1 Effects of oxygen

Addition of oxygen to fuel or air produced in windows one and two the
same effect, namely i) an increase in maximum temperatures of the blue
reaction zone, ii) these drew closer to the axis, which was an indication
that the flame was getting thinner and iii) an increase in the value of the
minimum around the axis. These effects occurred to varying extents depend-
ing on whether the oxygen was added to the fuel or air.

Comparing for example Figs. 30 and 31, it is possible to observe that

addition of 16.9 mg/sec oxygen to the fuel increased the maximum flame
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temperatureby 250°C as against 135°C when 22.2 mg/sec oxygen was added
to the air, The thinning of the flame as well as the rise in temperature
at its axis occurred to a greater extent when oxygen was added to the
fuel. These observations are also applicable to window number 2, see
Figs. 31(a and b),

Temperaturesat window number 3, Figs.32 (a and b) were more uniform
and showed only one maximum. This corresponded to the region where oxygen
diffused into the flame from the surrounding air and the reaction was dis-
tributed more evenly across the flame. At this level as well as at window
number 4, Figs. 33(a and b) the temperature decreased with additiye, which
suggested that flame heights were reduced. At window number 4 the tempera-

ture profiles were flatter as they followed the rate of reaction.

6.3,2 Effectsof Preheating

This did not have a marked effect on the temperatures at windows
number 1 and 2 except for a small increase in the maximum temperatures,
see Figs. 30c and 3lc. However, the temperature increased progressively
in windows 3 and 4 as may be seen in Figs. 32c¢c and 33c. It is possible
that pre-heating increased the rate of reaction at these levels by providing
oxygen at a slightly higher temperature. It was however difficult to say
if the flame was lengthened under these conditions. An attempt was made
to measure the flame heights in all the flames studied in this thesis by
attaching a transparent glass unit in place of the fifth calorimeter. This

however failed due to rapid fogging of the glass due to soot deposition.

6,3.3 Effectsof CCl

4

The profiles shown in Figs. 30d to 33d were in accord with the ex-
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pected behaviour of this additive, The decrease in heat released reduced
the mean temperature (Tg) across the combustor by less than 10 per cent

at window number 1. There was no obviocus deposition of additive or its
decomposition products on the thermocouple as was observed when highex
concentrations were used during the preliminary investigations referred

to in Chapter 5. It is therefore unlikely that the obsexrved temperature re-

duction in window 1 has been influenced by this effect.

6,4 Flame Radiation

The experimetnal results shown in Figs. (20,22 and 24) were deter-
mined using the total radiation pyrometer described in a previous chapter,
and represent the radiation of soot particles and emitting species distri-
buted in a given volume of gas. The spectral range of measurements, that
is 1-10pm, includes strong bands in which triatomic gases emit. Their

importance for the total gas emission will be discussed in a later section.

6.4.1 Effectsof Oxygen

By referring to Fig. 20 it is possible to grasp the effect of oxygen
on total radiation when it is added either to fuel or air. A better over-
all effect was cobtained when the oxygen was added to the air. A steeper
increase in the value of radiation was obtained in window (1) when oxygen
was added to the fuel. A maximum, rapidly followed by a minimum accurred
in windows 1 and 2 when small amounts of oxygen were added to the fuel.
This indicated that in this region the competition between pyrolysis and
oxidation was very close. Whether this effect would have been reproduced
had similarly small amounts of oxygen been added to the air has unfortunately

not been tested.
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. *
At oxygen concentrations greater than 75 mg/sec the increase in radi-=

ation at windows 1 and 2 of Fig. 20 mav be traced to the increase in soot
mass Fig. 27a. Although the overall temperature of the flame increased as
is illustrated in the temperature profiles (Figs. 30 and 31), the effective
radiation temperature generally decreased with oxygen addition due to the
decrease of flame width which defineslthe size of the emitting envelope

or emissivity. The effect of oxygen is illustrated in Fig. 35a for the
case of the bulk temperature T.

Decrease in radiation at windows number 3 and 4 appears from the
evidence in Figs. 27b, 32 and 33 to have been caused mainly by a decrease
in temperature and in some cases of soot mass. One may infer from Fig. 26b
that the soot composition contributes in some cases to the decrease in
radiation, however, the curves may be misleading (see section 6.1.4).

To conclude, although addition of oxygen caused a decrease in mean temper-
ature of the flame (across the combustion chamber), the increase in radi-

ation may be due to the increase in soot formation which occurs at these

conditions.

6.4.2 Effects of Air Preheat

The effect of preheating the air on infrared radiation from the
diffusion flame is presented in Fig. (24). All the results show that under
the given experimental conditions total radiation increased with preheating
temperature. The increase in radiation at a preheat temperature less than 350K
was mainly due to an increase in temperature sufficient to overcome the
effect of decrease in soot on emissivity. At temperatures greater than
350 K both temperature Figs.B0 to 33)c and soot weight Fig. 28 contributed
to increase in radiation. The highest increase in radiation occurred

at window number 4. However at about 400 K this trend was reversed. Finally,

*
Oxygen in air = 66.70 mg/sec.
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although the change in flame shape and therefore its effect on flame
emissivity could not be determined, the temperature increase which occurred

in all cases was an influential factor.

6.4.3 Effects of CC}4

This is shown in Fig. (22) and indicates that there is a slight
increase at windows one and two when either 0.0292 or .054 mole/hr CCl4
was added to the fuel. At windows three and four a decrease of at least-
10%. The relative increase in soot weight, (Fig. 28,b), did not
compensate for the effect of the decrease in temperature at these positions,

Figs (31 and 32)c.
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CHAPTER 7

RADIATION CONVECTION AND TOTAL HEAT TRANSFER

This chapter is, in a sense, an extension of the previous one as
it discusses the experimental results. The first three sections are
mainly concerned with aspects of radiation such as the sources of radi-
ation reaching the pyrometer and the emissivity. 1In section 7.4 a simpli-
fied model is presented which is tested with experimental dataand dis-
cussed in the following section. Sections 7.6 and 7.7 deal with the
effect of the additives on the convective and total heat transfer which
will provide, with the radiatiﬁwlprofile, a complete picture of the

effects of these additives.

7.1 On the Radiation Reachingthe Pyrometer

The measured flux of radiation corresponds to that coming from a
surface diametrically opposite the pyrometer lens. A schematic represent-
ation of the pyrometer and window which transmits the flame radiant
energy is shown in Fig. 16.

A point worth elaboration is the source of the radiation reaching
the pyrometer. The surface (i.e. target) at 15 mm is composed of a brass
annulus approximately 38 mm in diameter and a window 12 mm in diameter,
which is the inner diameter of the brass annulus. Though the cylinder
of radiation from the flame exists through a cross section 12 mm in dia-
meter, the unobstructed path of radiation is in effect reduced by approx-
imately 1 mm all round. During the design of the cap the protrusion
(as a result of tightening the cap) of the 5/16 inch 0.D. O-ring be-
tween the extension tube and cap was not fully taken into account, Fig. (14)
This effect is, however, small and will be neglected. The radiation

reaching the detector may therefore be represented as:



- 164 -

i 2 m 2 2
= nr + — pu— E
Flux = & d' E_ 7 (=B, 4+ O
radiation . radiation from stray
from flame brass annulus radiation

where dl and d2 are the inner and outer diameters of the annulus respect-
ively. and E is its emissive power.

When the flame was alight, the calorimeters were only slightly warm.
The heat lost to the atmosphere was greatly reduced by lagging the calori-
meters with a half-inch layer of asbestos rope. The latter was completely
covered by a blue tape, which served to keep it in position. The response
of the pyrometer wasnegligibly small. One may therefore, with some

degree of confidence, assume that all energy radiated by the target to

the pyrometer is solely due to the flame; that is,

- I 42
Flux = 2 dl Eb

7,2 Mean Total Emissivity

The emissivityof a luminous flame may be calculated from the ratio

of the black body temperature T, and the mean furnace temperature:

b

E =
T

™
= (7.1)

é

It has been shown in the previous section that the rate of energy received
by the pyrometer is proportional to the equivalent black body temperature

of the flame T, . This means that values of T, calculated from the cali-

b b
bration curves of the pyrometer provided by the manufacturers could be
used without modification.

The temper?ture distribution across the water-cooled tube was not

uniform, as may be observed from the profiles in Figs. 30 to 33. In

measuring the effective mean furnace temperature which was used to calcu-
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late the emissivity in equation 7,1, the mean of the local temperatures,
each raised to the power of four, was used as shown below, rather than

—. 4
the mean temperature raised to the power of four (T] .
T r=R

T4 = E—E- [r{gl(r) + gz(r){]drde
TR

O r=0

r and 0 are cylindrical polar coordinates (see section 7.4) and g(x)

4 :
represents T  in this case, where

]

. gl(r,e) gl(r) 0<0<T

gz(r,ﬁ) = gz(r) m™< § <27

Had (E54 been used, the total emissivity calculated by equation 7.1 would
have been over-estimated. This was found, in the control experiment for
the lowermost window, to be of the order of 10.

Tg as measured by the pyrometer, however, includes both the flame
emissionand the contribution from the furnace walls. In the work present-
ed in this thesis, the walls were water-cooled and a thin layer of soot
of variable thickness was deposited along most of its surface. The
water-cooled walls may be considered black for practical purposes, i.e

R = 0, The absorption of the volume of warm gas along the sighting tube

carrying the ArS_ cap, and the absorption due to the small volume on the

3
opposite side of the windowbeing sighted, are believed to be negligible

under these conditions, and ET may be assumed to be due only to the flame.

7.3 An Effective Gas Emissivity

As shown in chapter 2, the emissivity may be represented as

follows:

_ -4
eT =1- (1 +BcL T/C2) 2.16
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The error involved in the case of soot is discussed in Appendix V.
As no gas analysis was carried out, an estimate of the magnitude of

the gas emmissivity equation had to be obtained. This was achieved by

first writing equation 2.16 in the following linear form:

(1 -eT)"'ZS ~1=kocL+ (1- EQI)"'25 -1 7.2
and then fitting a least-square equation to the experimental data-.
km equals BT/c2 in equation 2.16. An enmpirical value of the specific
absorption coefficient km was obtained in each case from the slopes of
the lines, while average gas emissivity Eg was determined from the inter-
cept with the ordinate. The values of km and gg corresponding to each
window are summarised in Table (7) and the experimental points are plotted
in Figs. 37.

In the case of windows®1l and 2, the flame thickness (t) rather than
the tube diameter (D) was used as the mean beam length (L) in equation
7.2. This was because the soot in this region was confined within the
boundary of the blue reaction zone. At windows 3 and 4, however, the tube
diameter was used instead, since the particles were free to move in the
horizontal direction. The values of the effective gas emissivity and
specific absorption coefficient, defined as k;, were once more determined
this time using the logarithmic form of emissivity, equation 2.15 or
2.17 in order to gauge the extent of deviation of the results, when the
least-square method was used to determine the constants in both cases.

The ratio of the absorption coefficients km/ké determined by the two
respective methods shows an increase as the value of km decreases
(Table 7). Although the trend is by no means drastic, this point is worth
noting when comparison is called for between the two. A point worth
mentioning here is that the value of the gas emissivity was only negligibly

altered.
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km is a function of the refractive index of soot, which is itself
dependent on soot composition. The value of B/cz(zkm/T) is plotted in
Fig. (36) against the average value of the C/H ratio in windows 1 and 4.

The first impression gained from looking at Figs. 36(a and b) is that
a trend exists in the first case which is not visible in the second. In
Fig., 36a, which corresponds to the data of window 1,B/C2 increases with
a decrease in mean C/H ratio, except in the case when the air was preheated
to 443 K. This would appear to contradict what has been said in chapter
6 concerning the lack of correlation of km on soot composition when the
C/H ratio is high.

Comparing Figs. 36(a and b), we can easily see that the average
values of C/H ratios for the same experiment in most cases are very
similar., The trend observed in Fig. 36a may thus have appeared by acci-
dent, thus indicating that there is no contradiction. Figs. 26 and 36 are
quite similar, although the ordinates are different. 1In the first case, the
composition is represented as a function of the amount of additive,
whereas in the second, it is presented as a function of B/c2. The diff-
erence is in fact artifical, since the effect of the additive may be
considered in a terms of a temperature effect. Finally, the extent of
of variation is shown in column 7 of Table 7. The variation in the value
of B in windows 3 and 4 is small, which indicates that one value of B
could, in effect, be used. A factor of about 2 is involved in the case
of windows 1 and 2. This should be noted if a tentative value is to

be recommended for general use.

7.4 Theoretical Model for the Emission from a Cloud of Soot Particles

It is possible in Fig. (a) to integrate over 0 directly as emission
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is considered independent of direction
Thus flux in is Q = 2mrzEj

and flux out is @ + dQ = 21 (r + dr) Z(EA + dEA)

[

ZHZ(IEA + EX dr + rdEA)

“+ @9 = 21z dlrE,)

where z is the height of the slab. [

»gQ =V‘n:,fKEXWT-ZKEb.R{”?"rd?Z (G)

where the £ is a geometrical factor. The f and the 2 before Eb A dis-

appear in the optically thin limit and in division as in equation 7.10.

They will therefore be neglected in what follows.

1 4 _ :
whence T E;(rE) = K(Eb,A EA) (7.3)

where K = Ncab,A

For small particles the monochromatic absorption coefficient may

be represented, using equations 2-9 and 2-10, as:

2
61’1‘6 m -1
K = - —=— . Im(
ab, Ap m2+2

) = BE/}(\;A

where B = const., and gy ~ 1 in the infrared.
If all the radiation at the wavelength concerned is due to soot, i.e.

banded absorption is negligible, we may rewrite equation (7.3) as:

=S tr.E =-B-}:—c-—(Eb,>\-E>\) (7.4)
Also:
o o -6
1 g 5 cl(AT) d(AT) s
3 b =T exp(cz/A O YT (7.5)
(e} o]

where Y is a constant o its value was found by numerical integrations
-9 3.5 .
to equal 5.1 . x 10 ~ KW/m K~. (see Appendix VI).

Integrating equation (7.4) over all wavelengths and considering the result

in equation (7.5) we get:

1 |4 o =..5 Bc
- /\E(rEA) dA =B cYT —f__}‘ EAd)\
o o
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Self-absorption of the cloud tends to zero,

therefore reduces to:

[o0)
1 d — 5
T J'E(IE)\) dA= B cYT
e}
and
1 4 —. 5
7 ar (rE) = B cYT
RE =R
— 5
d(rE) = Bcy rT dr ;
o =G
and therefore:
r=-R
BcY 4
= = agT
Ep R rT dr €
=0
or, in General,
2T r=R

_ BcY
P 7R / f rf(r,p)dr 4g

as KL >O0.

The above eguation

(7.6)

(7.7)

If, however, T = constant, it may be shown that & = KR

Under practical conditions, the temperature profile is assymetric

and integration is carried out in each half separately giving:

where fI(r, g = fl(r) : 0 <0<

and  f,(r,g = f,(r) T <6< o2m

r[f(r) + f2(r)] dr 4o
1

(7.8)
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7.5 To test model against experimental results

The emissivity calculated according to section 7.3 is, in fact,

due to soot as well as banded radiation, i.e.
€ =1- exp ~ (K +K )L
g p

tor a small absorption strength, which is the case under study here, It

may be representedapproximately as:

€. (K +K )L
T P g

The soot emissive power is therefore equal to the total radiation flux,
which is in this case the value (JTb4, detected by the pyrometer, minus

the flux due to banded radiation, i.e.

ﬁlff f(r)+f(r):|drd6=ng
'n'rR
- szf gl(r) +g2(r)]dr af (7.9)

where Eg is the mean gas emissivity, as given in Table (7) and £(r) and
g(r) represent T5 and T4 respectively. It should, however, be noted that the'
effective soot path length was calculated at windows 1&2 as t rather than D.
Integration of the quantity on the left-hand side of equation 7.9 was
therefore from r=0 to r=t/2. Had the above equation been used without
modification, the error in equation 7.10, below, would be small. This

was found in a number of cases to be less than 5 per cent. It is expect-
ed that the emission of non-luminous gases will fill the whole tube dia-
meter.

The following equation represents the ratio Epn/Epl:
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B o0 S
nnn _ bn "gn (7.10)
— — 4 — *

B 5 - ¢ 78

16171 To1 ~ %gT1

The subscripts refer to conditions 1 and n, where n for each window
could take values from 2 to 1l. The percentage deviation of the ratio
of the emissive power from the left-hand side of the equation to that
on the right-hand side is plotted in Figs. (38 to 40). The individual
values of the constant A' could not be obtained from the information

in this work, and there appears to be no alternative but to assume that
Aé zAi in testing the model against the experimental data.

In Figs, 38 to 40, the quantities compared are defined as X and

Y, where
STh Ton 9T T, STy
XK= —2 - = _4/ 4“ = x 100 (7.11)
= 75 —_ £ _ g 74
T T T5gT Ter T 59T

and Y is the above quantity when €g = O.
We are therefore comparing the radiation ratio from model

(EQEE}Eigis to that measured by the pyrometer with (X) and without (Y)
correction for gas emissivity. The gas emissivity €g is the mean
value determined as described in section 7.3.

There seems generally to be very good agreement between X and Y in
window 2 (Fig. 38b). A reasonably good agreement is illustrated in
Figs, (38 and 39)a eand large deviations are apparent in Figs. (38 and 39)c.
The different appear to take intermeidate positions in other cases. This
somewhat complicated picture may partly be resolved if we consider the
number of approximations made and that mean gas emissivities were used..
The flux ratio derived from the theoretical formula, the first quantity
inside the large brackets of equation 7.11, should in fact be multiplied

b 3 . - . .
Y Bn/Bl, as shown in section 7.4

It is not possible to evaluate this fraction under the present
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experimental conditions, and thus to estimate its contribution to the
error. The effect of the gas emissivity can be estimated. This was
done for a number of cases in window 3, which showed excessively

large deviations (see Figs. (38 -40)c. The ratio was once more calculated

for this window using a value of ¢ = 0.028, which is close to that
g
determined for windows 1 and 4, rather than the value €_ = .0453 deter-

mined using equation (7.2). There values are plotted as hexagons and
very close to the corresponding value of (Y). This indicates the

actval gas emissivity is overestimated, the magnitude and direction of the
error depends on the parameters in the ratio.

In these experiments, the soot emissivity was of similar magnitude
to the gas emissivity determined by the least-square method, unlike the
case of a number of oil flames (23) . Such evidence discourages the use
of the extrapolation method to determine an average value of Eg’
when the value of the total emissivity is small or of the same magnitude.

The flux due to radiation is known to be a function of a number
of parameters, such as particle shape and composition. These have been
neglected in the model. It is however, doubtful if their contribution to
the error would be of major importance under the present conditions,
considering that in a number of cases the deviation was less than 10 Per
cent, which is quite small.: The value of (¥) was <30 per cent in 60 per
cent of the cases. This is quite good, considering that we are comparing
differences in the ratio of fluxes obtained using different methods. The
values of (X) will not be considered at this stage of the discussion, since
wheﬁ the radiation was corrected for gq, a larger error was generally
produced. One may therefore conclude that the flux may be represented
as a f(c,T) only. Finally, as a result of close agreement between X and
Y in window 2, the value of B was calculated from equation 7. Using the

3 sec
least-square method, and was found to equal 0.28 x 107, o .

g
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7.6 Convective Heat Transfer

The effect of additives on the various aspects of radiant transfer
has been discussed in the previous sections. The experimental conditions
chosen in this thesis resulted in convective heat transfer being the domin-
ant mode of heat transmission to the water-cooled walls. It is widespread
knowledge that the heat transfer rates from hydrocarbon flames can be in-
creased by replacing some of the air with oxygen(176). This relatively
cheap method has often been used to improve heat transfer in industrial
applications. The equivalent amount of air was reduced in order to keep
constant the total volume inflow constiant. The effect of preheating the air
has also been known to increase the heat transfer coefficient by improving

the driving force AT. The only factor that does not appear to have been

studied with respect to convective transfer is the addition of CC14.

7.6,1 Local Heat Transfer Coefficient

To evaluate the effect of the additives on the local heat trans-
fer coefficient between gas and surface, the latter was defined at the

steady state as:

where Qc is the rate of heat transfer by convection and Ai is the area of
the heating surface. It was calculated as the total flux (Qc) received

by a calorimeter minus radiative flux Qr from an area of flame noted

s A _,
as f¢

where wep and At represent the heat capacity and temperature rise of the

water flowing in a calorimeter. This seems justifiable, considering that
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the terminal difference between the temperatures of the ingoing and out-
going water generally fell between 4 - 1o°c, with the exception of a few
cases of 15°C.
The results for the first four calorimeters are shown in Fig. 42
as a function of height. When oxygen was added to the fuel, it was
possible nearly to double h. When, however, the percentage of oxygen in
the air was raised, there was an overall increase in the value of the
coefficient h, though there was no cbvious peak. The change of h with
height when oxygen is added is due to the increase in the product enthalpy
and decrease in the mass flow rate when the input heat is constant(l76).
Preheating the air shifted the maximum towards the nozzle, the in-
put heat in this case is not constant. It appears that the position
(i.e. height) at which the driving force AT and hence maximum heat re-
lease is somehow a function of the linear velocity and Reynolds number
of air, which increases and decreases respectively with temperature.The only
overall decrease occurred when CCl, was added to the fuel. This is as

4

a direct result of the decrease in total heat release rate and is therefore

Q .

C

7.6,2 Average Convective Heat Transfer Coefficient: hc

In most industrial applications, the heat transfer coefficient
averaged with respect to the length of the furnace is more useful. Such
values were calculated in this thesis according to the procedure in

Appendix IV, using the following equation:

1 n
= I—{;

5=
ol TN

n

where n stands for the number of calorimeters.

The average coefficient determined by the above equation incorpor-
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ates the effect of soot which is deposited along most of the inner wall
of the calorimeter. An estimate of soot resistance, (l/hd), was ob-
tained by assuming that a layer of soot 1 mm thick was deposited along

- (177)a
the length of the tube. When the thermal conductivity of lamp black

was used, this gave a value of h_ = 65.82 watts/mzK. The values of the mean

d
convective heat transfer coefficient ﬁe to be used later were determined

from the following relationship:

(7.12)

It is, however, assumed that convective heat transfer coefficients

— 176
hc will be unaffected by the presence of soot particles( ).

7.6,3 Empirical Equations and Correlation of Heat Transfer by Convection

It was deduced from Figs. (8-11), in reference(l78), that the flow

was laminar—-free convection. This was based on the values of the
Reynolds and Grashof numbers, both evaluated at the mean film temperature

Tf:

using the physical properties of air(l77)a. The mean Nusselt number Nu

was then evaluated using the following recommended equation in McAdams(l77c)

for laminar flow in pipes:

Nu = .59(Gr Pr) +25 (7.13)

The convective heat transfer coefficient EE evaluated by the above

equation was less by up to a factor of 2 than that obtained experiment-

T

ally using equation 7.12. When the factor was introduced on the
sz

left-hand side of eguation (7.13) the following equation, obtained by
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the least-quare method, was found to be more representative of the
average and local heat transfer coefficients:

T
Nu = .209 (GrPr)'25 z

3

Sz

Better agreement with an individual deviation of less than six per cent
was, however, obtained using the following equation:

Nu = 2.388 (Gr Pr) 3.28

This indicates that, when somewhat large temperature differences
exist between bulk and surface temperatures, the existing correlations for
laminar flow by free convection (equation 7.13) does not represent the data
satisfactorily. This conclusion was later corroborated by finding

supporting conclusion in an early study on heat transfer in a packed bed(l79)'

7.7. Total flux to the calorimeter

The results are plotted in Fig. (41). The general effect of most
additives was to increase total flux, with the exception of the addition
of 16.9 mg/sec. of oxygen to the fuel and the addition of CC14’where
a decrease occurred. In the case of oxygen, this resulted from a decrease
in convection which was no compensated for by the increase in radiation.
It should also be noted that addition of O2 to the air also decreased QC

though QT was increased. In the case of CCl a slight decrease in both

4,
convection and radiation was attributable to the decrease in reaction rate
caused by this addition, i.e. less fuel was burned. The shape of the curves
indicate that the levels of additive were sufficiently wide-ranging to include
the regions of optimum heat transfer. The effect of preheating increased the
- total heat transfer by a greater extent than addition of oxygen. It is in-

teresting that addition of 4.4 gm/sec oxygen to the fuel increased the

total efficiency to a similar degree produced by preheating the air to 343K.
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CHAPTER 8

CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

It was stated in Chapter 2 that the flux Q is a function of soot
weight, temperature, composition, size of flame and particles. The
somewhat extensive study on soot composition in chapter 6 indicated that
it was the change in camposition of the gas-phase hydrocarbons,adsorbed
on the soot, rather than - ‘that of soot particles which was important
and that the microsturcture of soot was the major factor which determines
the optical parameters of a soot in gaseous flames in chapter 7. It seemed
reasonable to infer that this applied egually to oil flames. Various points
were also clarified. The dispersion exponent gx was related to soot
composition and it appeared that, in the visible the lack of dependence
on composition occurred at a height where it was constant. It would be
interesting from the theoretical point of view to define the limit where
9 is not a function of composition in the infrared. The study of the re-
lationship between the netrate of soot formation and temperature showed a
good correlation in the region bounded by the blue reaction zone. This de-
creased with height and was very low where it ceased to exist. The corre-
lation seemed to depend as well on the concentrations of heavy hydro-
carbon molecules present in the flame.

The amount of soot plus polymeric material collected at either windows
1 and 2 was found to depend mainly on the temperature. This indicates that
their formation within the blue reaction zone is mainly by pyrolysis and
chemical species such as oxygen, OH radicals or O atoms therefore are not
expected to penetrate within this zone, with the possible exception of the
cooler region near the burner, where some premixing may occur. These
findings suggest that the region where the blue reaction zone exists should
be treated separately from that where it ceases to exist, due to the

penetration, in the latter case of oxygen present in the air.

The reasonable agreement between the measured flux and that calculated
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from experimental data indicated the lack of dependence in particular size
distribution. This, together with the evidence in Chapter 4, suggested
either that agglomerates did not exist in the regions of the flame studied
here, or that, if they did, their shape is such that they did not afféct
flame absorptivity to any important extent.

The effect of composition is expected to be quite small,. A linear
correlation was obtained between the average C/H ratio of the insoluble
fraction of soot and BA:2 Fig. (36). The trend is believed to be artifi-
cial as a result of point-to-point comparison with data at window 4;
and the magnitude of the change falls within the variance in composition
at each position. This would be in agreement with theoretical findings,
which suggest that there is no obvious correlation between km and com-
position for soots with C/H ratio > 8.

The beneficial effects of adding oxygen on radiation only reached
window (2) although one would expect it to reach up to the end of the
blue reaction zone; whereas when heat waas added, they reached up to
window (4). These results indicate the importance of the size of the react-
ion zone except in the preheating experiments. This is because the effect of
oxygen is believed to be mainly a temperature effect. A better radiation
efficiency would be expected to occur, as the length of reaction zone to
flame height and to flame width iIncreases and dacreases respectively.
Finally, radiation represented less that 30 per cent éf total heat re-
leased in this flame, while convective heat transfer was the dominant
mode, The total heat output increased in aimost all cases, which wasin some
cases * due to an increase in convective heat transfer. 1In the case of

CCl4,.both convection and radiation decreased.
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APPENDIX I

Method of Calculation of the Amount of Halogen Additive Required to

Saturate a Known Volume of Fuel at a Given Temperature

moles of dry fuel and ha moles of

80
additive vapour we get, according to Dalton's Law(l )

For a mixture composed of ng

the following:

2 (1)

where p and P stand for partial pressure of fuel and additive respect-

ively.
Assuming the gas law holds true for propane gas at atmospheric

pressure, therefore;

P =N RT/V (2)

where Vf is the volume of ne moles of dry propane entering the saturator

at an atmospheric pressure P, and R 1is the gas constant.

Hence, from (1) and (2),

Ve Pp
n = — . B (3)
a RT P-p

p in this case is equal to the vapour pressure which was determined using

the following expression:
A
= = — +
log p T C

where A and C are constants corresponding to type of additive and were

determined from ref. 181.
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APPENDIX II

Calculation of Soot Residence Time

For steady motion, m = constant:

2 —
then t = _I;EL
m
r=R'
- 2
If p = - p rdr
R r=o
9r 2 r=R
ZIZ £
T = - pOT'Of R dr
r=o

In obtaining equation (1), it is assumed that the equation of state for
an ideal gas relates to the state properties of a unit flow volume. This
is allowed for, provided that the gas molecules are extremely small,
i.e. have negligible inertia of their own, and negligible attractive
forces. Although soot particles are positively charged, it will be assumed
that their behaviour may still be expressed by that of an ideal gas. This
implies that they would move with the same linear velocity of the gas
stream. It should be noted that the total mass was slightly varied when the
oxygen and CCl4 were the additives. This is not however, expected to
be of much significance here.

In a diffusion flame, soot forms in a thin boundary parallel to
the blue reaction zone. The temperature at a given cross-section of the
flame varies considerably in the case of windows 1 and 2, in the raaial
direction, and to a lesser extent at windows 3 and 4. A mean effective
soot residence time was therefore defined as:

T4 L

T
nax

where Tmax is the arithmetic average of the two maxima in windows 1 and
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2 or the maximum in window 3 and 4.

This was felt to give a more realistic estimate of the soot
residence time. Since the maximum temperatures was used, this effective
soot residence time will be slightly on the low side. It may, however,
be that it will be close to the true average residence time,
considering that the temperatures used to calculate (£) in equation(l)

are somewhat below their true values (see chapter 4).
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APPENDIX III

Mean Stream Temperature T

Some controversy exists over the definition of the mean temperature
of a stream of fluid for the purpose of evaluating the physical properties
of the fluid concerned It is usually preferable to use the temperature
attained by completely mixing the fluid passing a given section, i.e.
bulk temperature, than, e.g. the axial temperature (Ta)(182).

It should be noted that when a hot fluid moves in a relatively
colder cylinder, the bulk of the hotter fluid will move faster than
the cooler layers of the fluid near the tube wall. If the temperature at
the axis is highest, the true mean fluid temperature should be higher than

that calculated by the integral equation used to evaluate the mean temper-

ature, i.e,
T r=R

= 1
TR
o r=o0

r and 0 are cylindrial polar coordinates and h(r) represents (T) in

this case where,

hl(r,e) hl(r) 0<9H <7

h, (r,6) = h,(r) m<B <27

The differences between the temperature calculated using the integral

form above and that which takes into account only the distribution up to

the laminar boundary layer near the wall (Tm) has been expressed as:(183)

— 1

Th ™ T = T x72 Ta~ T (2)

v 7 - atTs 213 -
ere ThT 1.8 x 9 1.8

The fractions in equations (2) and (3) have been allowed to stand
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so as not to lose the initial form in which the equations have been
presented, Equation (2) was used to calculate the error introduced

in the true mean temperature for a temperature difference of 1500 K between
the axis and the surface. It was found to be less than 15°C which is

very small. It is worth mentioning at this stage that, in calculating

5} the temperature at r = R was at least BOOC higher than that at the
cooled wall., This may be observed from the temperature contours in

Figs. B0 to 33). A point worth reiterating here is that T will be slightly

underestimated due to the effect of soot particles, (see chapter 4).
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APPENDIX Ty

Method of calculation of the average heat transfer

coefficient (hot side)

All measurements were performed only after steady state had been
achieved, (see chapter 5). This made is possible to calculate the average
heat transfer coefficient for the first four calorimeters by means of the
following equation:

h Ai (AThi - AThO)
Q = Qn(AThi/AThO)

(1)

c

where AT represents the terminal temperature differences between gas
and wall surface, and subscripts hi and ho stand for hot side, inner and
outer respectively. |

The wall and bulk temperature; at the common plane between any two
consecutive calorimeters was calculated as the arithmetic man of the
temperatures at their respective centres; this assumes that g%-between
the two points concerned is constant.

However the inlet temperature to the lowermost calorimeter and exit
temperature to the fourth were unknown. The surface temperature to the
first calorimeter Ts was assumed to be 293 K in each case. But when the
temperature was used for the input gas temperature, the value of h was
grossly overestimated. Equating the coefficient calculated from the area
(Fig. 42) and that from equation (1), the temperature was found to be in
experimental one approximately 533 K. A sufficiently close temperature
about 4 per cent less, was obtained in this case by intersecting the ex-
tended line, joining the value of T at windows one and two, ,with the
Y axis (Fig. 35).

The bulk gas temperature T at the exit of the fourth calorimeter,

which is also the inlet to the fifth calorimeter, was determined graphi-
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radiation and soot deposition on the wall, -and %; stands for the sum
of the individual resistances due to the wall thickness, scale deposit-
ion and convection on the water side.

The average coefficient h" was calculated for calorimeters numbers
3 and 4 and found to be of the order of 1100 watts/mzK. This value was
used to calculate h' for calorimeter number five in every case as a vari-
ation in h" of 50 per cent did not change the value of h' to a signifi-
cant extent.

Considering that the contribution of the heat transfer by radiation
at window no. 4 varied between 3-6 per cent of the total heat received
by the cooling water, the assumption that h' derived from equation (b)
is proportional to the average heat transfer coefficient H, due to
combined effect of convection and soot deposition, is not very farfetched.

At this stage the average heat transfer coefficient along the length of

that tube was calculated as follows:

(¢]

=
9=

n
E:ﬁ; «oe (4) where n is the number of calorimeters.
1 .



- 186 -

cally from the same figure, showing a plot of E'versus height (z). The
wall temperature TS was determined by assuming that T = 2.1 Ts’ a

value which represented the average ratio at the centre of window four.
The ratio of Eyf; fluctuated around 2 at the other positions.

The average heat transfer coefficient for the first four calorimeters
was calculated from the area under the curve in Fig. (42a) for experiments
1, 4 and 5, The difference between the area measurements and the method
detailed above was less than 5 per cent, As the deviation was in no
specific direction and since the area measurements were much quicker to
do, it was used to calculate the average coefficient of heat transfer
of the first four calorimeters.

The fifth calorimeter was only added in order to recuperate part
of the enthalpy of the exit gases. Only the mean temperature T close to
the exit was known. The average heat transfer coefficient was determined
as follows:

The first step was to calculate the overall heat transfer coefficient
using the following form of Fourier's statement:

U Ai(ATi - ATO)

0 = — (2)
T En(ATi/ATO)

where AT represents the terminal temperature differences between gas and

water and the suffices, i.e O stand for inlet and outlet respectively.
Since the thickness of the wall was small in comparison with the

tube diameter, the equation for series flow through a plane wall was used,

as the error is not referring each coefficient to its corresponding area

. .. 77 .
of heat flow will be negllglble(l )c. If the total resistance is re-
presented as:

1 1 1

= = 4+ =

U h' h" (3)

1 ’ s aa . . ,
where a stands for the sum of the individual resistances due to convection,
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APPENDIX V

Error in Using Wein Function rather than the Planck Function

If frequency is used to define the intensity rather than wavelength
in (eqn. 2.1) the total hemispherical flux of a black body (Eb) may be

represented as:

A [ e aw/re
b b, exp(c2 vV/Tc)-1

Letting x = c2V/Tc,

6.494clT4
Eb =-———TI———— ref. (L7)£f.
€2

If Wien's function cl(\J/c)5 exp(—czv/Tc) is integrated throughout

the frequency spectrum we get

¢}

o3
N
LS Fad]

Therefore the error in using Wien's function rather than the Planck
function to calculate the total flux from a black body is 7.6 per cent.
Soot particles because of their size emit preferentially at shorter wave-
lengths and therefore the actual error is expected to be smaller and less

than one per cent when AT<.3 x lo—2 mK.
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APPENDIX VI

Calculation of the constant Yy

From equation 7.5:

o

cl(AT)~

6

d(AT)

Y:

(o]

Writing the above equation as a £(v/T) gives

&0}

exp(cz/kT) -1

(v/Tc) 4 a(v/Tc)

Y 1
O

_a
T 5
€2

e S I |

= 5F5l5
€2
C
1

=~ 24.888
)

and therefore:

-10
Y = 151 x 10

KW

exp(czv/TC)—l

x4dx
exp(x)-1
o

m

where x

-5

czv/Tc
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TABLE 1*
Emissivity B'
0,000 4.000 B
0.149 3.9207 B
0. 300 3.8300 B
0,648 3.5010 B
*From Reference 26.
TABLE 2%*
Average . . .
visible infrared
Type of flame particle K
o a b a b
diam. Mm
Acetylene 2.0 11.7 0.8 (0] 0.83 0.25
Stearene/Paraffin 12.5 9.9 1.20 o) 1.12 0.45
Amyl Acetate 25.0 8.6 1.35 O 1.20 0.55

*From Reference 71.
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TABLE 3%
Soot
| Extraction with CHCL3
l |
Soluble fraction Insoluble fraction
) 'Carbonaceocus residue'
Extraction with

n—-pentane

n-Pentane soluble n—-Pentane-insoluble
material material (not studied)
(Polycyclic aromatic
hydrocarbons)
*from ref. 37
TABLE 4

Experimental

window 1 window 2 window 3 window 4
conditions
Control deep yellow- vellow pale or colourless

ish green colour straw

colour yellow
22.2 mg/sec " plane or colourless colourless
oxygen.added straw
to fuel. colour
44.4 mg/sec " very faint colourless colourless
oxygen to yellow
fuel colour

*Colour is an indication of the extent of adsoried hydrocarbons.
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TABLE 5

List of symbols used to define the experimental conditions.

Expt. Symbol Additive and Level
position of additiomr
1 . Control (None) None
2 O Oxygen to the fuel 4.4 mg/sec
3 O " " " " g.9 "
4 A o w 13.3 v v
5 O e 16.9 v
6 o Oxygen to the fuel 22.0 " v
7 [ ] " oo " 44.0 " v
8 X Heat to the,air~by'rai§ing
its temperature to 323 K
9 ‘7 Heat to the air by raising
its temperature to 373 K
10 v Heat to the air by raising
its temperature to 423 K
11 A ccl, to the fuel 0.029 mole/h

Note:

Symbols a to d inside figures 252, 260, 263, & 264 also denote
window numbers i.e. 1 to 4 respectively.

Represents values calculated using Eg = .028 (see p. 172)

= window.




z (mm)

7.5

10.0

12.5

15.0

17.5

20.0

22.5

1680

1640

1570

1530

1460

1415

1360
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TABLE 6

Cc/H
ratio

1.95

3.21
3.61

4.02

TABLE 7

1.50

1.45

1.42

1.42

Window | €, ~ 1-(1+kmEL)'4 €y, =l-exp (-k!cL) ky /'y |B/c, x 10
No. kn €g ké eé
1 .01991 .028 .07746 .028 3.89051| .167 - .140
2 .03415 .009 .13291 .009 3.89195| .322 - .213
3 .00028 .045 .00112 .045 4.0000 .003 - .002
4 .00268 .027 .01122 .026 4.18660| .036 - .025




FUEL OXIDANT )
izf' Source F%ame type of burner type Additives | Type | Additives Me;ii?;zlSOf Pgiﬁ;ﬁgg‘?? Comments
type
119 IYENGAR diffusion |la wick in a Liquid N2 & CO air Visual(?) flame Reduction of lumin-
et al modi fied spirit | hydrocar- osity 1 5
(1952) lamp bons, al- molec.wt.fuel’
cohols,
ketones &
ethers.

40 ARTHUR & | diffusion [tubular CH4 C02,H2 air Photocell flame Efficieny of additive
NAPIER CO. & SO to reduce luminosity
(1955) 2 S0 >CO,>N_>CO

2 272
«Inhibiting efficiency
is not proportional to
heat capacity.

76 LEWES
(1892) premixed |a bunsen burner coal gas N2, coO air | N2, co Visual (?) | flame Effect of dilution is

oil gas ' decreased by tempera-
ture increase.
sFormation of C H, is
retarded by dilution.
COo, more effective than
N, in making flames
non-luminous.
120 VAERMAN confined tubular C3H8 C02,N2 " air - smoke point} flame tip eLfficiency of addit-
diffusion - Ar. H visual(?) ives in increasing the
4710 " Ve amount of hydrocarbon
before the flame smoked .
CO2 >N2> Ar>He.
i
N
Note 7? When it had not been specified by the author(s). o
}

TABLE 8




g i ; FUEL OXIDANT
Ref.| Source | Flame i type of burner type ! Additives rType Additives Method(s) of | Position(s) Commen ts
No.é ! type : Analysis studied
!
122 (SZARVASY | pyrolysis tubular cH, | N H, - - Electron
; (1921) tube ' & CO : microscopy(?) | tube exist [+Dilution reduced parti-
: 2 i cle size.
1 '
124 1THORP et é ‘ I
ial (1951)! pyrolysis tubular i C6H6 N2 and H2 Y- - Weighting or | tube exit *Replacement of N, by
! tube ; ) visual(?) H, reduced solid de-
i i as carrier 2 T
! position to a greater
| gas
f“_“ — . I e extent.
125 |BOSSE confined : tubular A number of hydro- - - welghing flame tip «Soct formation increased
(1961) diffusion : carbons (cold sur- or nearend |with total C/H ratio
| face) of fuel and additive
i combusted.
5 E : «Moisture content of
| 121 [HERBST confined f tubular cookery H,,N,,CO, air - photocell at one pos- fuel is cr%tlcal..
; s oo s 2772 : . s . Soot reducing efficiency
(196 3) diffusion . gas . .0, & and weilgh- ition in
i 2'72 ing(cold flame 02> C02> air >N2> Cco >
i air. H)0 surface) H,, upon addition of
% H '
| 3% CoHg ! 3% C,H_ to the basic

\
'

gas,ztge effectiveness
of CO, and air were

2
reversed as well as N2
and CO.
¢The decrease in soot
yield is > than due to
dilution only, indica-
ting the effect on
combustion.

TABLE 8 (cont'd)

Note ? When it had not been specified by the author(s).
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FUEL OXIDANT
Ref. | Source Flame type of burner type Additives| Type | Additives Method(s) of Position(s) Comments
No. type Analysis studied
107 | DEARDEN &|flat Wolfhard & 3H8' 02,H2 air oxygen welghing exhaust -02 increased the soot-
LONG(1968)|diffusion | Parker (filtration) ing rate, except when
C.H H, ,C.H ,
274 277272 added to the fuel side
of C3H8 flame
35 | CHAKRA~
BORTY &
LONG(1968) " " C2H4 oxygen air - " exhaust «0Oxygen decreased the
C.H amount of polimeric
2°6 material deposited with
soot.
126 | BRADLEY . |Pyrolysis C3H6 Axr,Ne, - - chemical tube-exit +Oxygen slightly pro-
¢ DEARDEN | tube O2 analysis motes initial reaction
(1972)
127 | KING(1973)|Enclosed T-piece on Pure H2 Hzo alr - spectral &
diffusion | which a no. CO.CH thermocouple | flame *Moisture in the fuel
of small 774 20% by vol. decreased
flames burn- C.,H_, both soot emission as
276
ed. well as flame tempera-
C,H,,
272 ture.
C2H4
128 | MULLER- Premixed bunsen-type 3H8' - air H2C)vap Photography & -H2O vap. inhibited soot
DETHLEFS c H other. formation and increased
&SCHLADER 24 heat released. This
(1976) partly made up for its
cooling effect.
*Evidence of the role of
OH radical in inhibiting
soot formed.
TABLE 8 (cont'd)
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FUEL OXIDANT i

Ref. |Source Type of Type of Type Additive |Type Additive Method(s) of |Position(s)
. . Comments
No. flame burner analysis studied
130 | GAYDON & | premixed Quartz jet CO,Hz,CH4, 802 air - spectral,chem—-{ flame «SO0, & H,S decrease
WHITTING- c H. .cuoul H.s ical analysis soot formation.
HAM(1947) 2°4'"773 2 ¢SO, increases soot
formation, however: thi:-
bunsen burner & coal-gag

effect is relatively
much greater than the
decrease above.

61 | PARKER & |diffusion | Wolfhard& ? ? ? - ? ? »SO, & SO, had no
WOLFHARD Parker ef%ect on luminosity
(1950) observed.

129 | SCHERER & | domestic o0il boilers fuel-oil water air - weighing(?j) sReduction of fuel drop
TRANIE emulsion is achieved which re-
(1973) duced flame pollution

132 | IBIRICU & | di ffusion | parallel CZH4,CH4 CH3Br, air CH3Br,Br2 emission flame «An increase in soot
GAYDON counter- spectra, luminosity occurred
(1964) flow and H2 Br2'cc14 CCl4'Cl2 temperature in general which was

ClZ,PoC¥3 PoCl3 measurements accompanied by a re-
chemical duction in tempera-
analysis ture.

+Flame extinction is
due to a temperature
effect.

«POCl. most effective
inhibitor.

s«Generally strongest
inhibiting effect when
additives were in-
troduced on the fuel
side.
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FUEL OXIDANT
Ref. Source Type of Type of Type Additives Type Additives Method(s) of [Position(s)
oo . X Comments
No. flame burner analysis studied
133 BADAKH-~ enclosed tubular Butagas CH2Cl2 air CH.Cl,,CHCl_|Weight exhaust |«Rate of soot formation
\ . . 272 3 . . )

SHAN (1957)(di ffusion Kerosine cH C1 ccl. .CH.ClBr analysis increased with carbon
N-heptane 3 4’72 (filtration) content, C/H ratio and
methyl- Ccl C.H Br type of halogen in
cyclchexane 4 242 fuel (i.e. Br>Cl)

CH.C1B .e. .
2 r
C2H4Br2
137 SIMMONS& |diffusion] Wolfhard & CH4,C2H6, CH3Br air CH3Br, Br2 spectroscopic| flame « Soot formation increase:

WCLFHARD Parker CH .C.H Br e Structure of flame is

(1956) ' 274’7272 2 altered.

«When CH_Br was added to
the air side, an in-
duced reaction was
formed.

134 ARTHUR et |pyrolysis - tube carbon dry POCl3,C12, chemical tube «Additives increase con-
al (1949) air pel. . Cel analysis exit centration in exit gas
37774 of CO & O, at the ex-
CHC1,,HC1, pense of CO,.
SnCl4,CH2Cl , «Addition of H,O or H
2
I.,H.SO.,H.O greatly regucgd‘tﬁe
2772773772 extent of inhibition.
135 MERTENS & |pyrolysis - tube carbon moist - " " *Additives reduced con-
HELLINCKX ’ oxygen version of CO-*CO2
(1949)

TABLE 8 (cont'd)
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Ref.
No.

Source

Type of

flame

Type of

burner

FUEL

OXIDANT

Type

Additives

Type |Additives

Method(s) of

analysis

Position(s)

studied

Comments

37

RAY & LONG
(1964)

enclosed
diffusion

tubular

“"Bottogas"
propane

i) CH2C12

ii) nitro para-
ffins alkyl-
nitrates.

iii)butylhydro-
peroxide

air -

weight
(filtration)

exhaust

i)increased both soot &
carbonaceous residue
insoluble in chloro-
form.

ii) decreased amount of
polycyclic aromatic
hydrocarbons.

iii)decreased both soot anc
carbonaceous residue
insoluble in chloro-
form. . The latter did
not vary in diesel
engine experiments.

112

CHAKRABORTY
& LONG
(1968)

flat
diffusion

Wolfharad
&Parker

274

CH.,OH

Oxygen -
or air

weight
(filtration)

exhaust

sdecreased both soot and
polycyclic aromatic hydro-
carbons.

60

TESNER
(1960)

diffusion

tubular

CH

NysHy

C2H2,C6H6

€108

air -

weight

various
posit-
ions
dlong
the
flame

+The soot vield decreased
Wwith addition of N, or H.,.

“j«The specific surface area

was on the other hand in-
creased.

+Addition of hydrocarbons
increased the yield and
decreased the specific

surface area of soot.

TABLE 8 (cont'ad)
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FUEL OXIDANT
Ref.| Source Tvpe of Type of Type Additive Type Additive Method(s) of |Position(s), Comments
No. flame burner analysis studied
131 |COTTON et | enclosed tubular C3H8 N2,H20, O2 - weight exhaust {eSoot reduction occurs by
al(1971) diffusion salts at least two mechanisms.

of alka- analysis .Type of cation in metal
line is important.
earths +A combination of additives
and other is more effective inhibi-
metals tor.
(atom- e Reduction of soot by NO &
iser) 502 is very small

Anti smoke effecting

e.g. Ba>Cs

113 |BARTHO- reaction furnace of Ni in various forms was added to catalyst visual & catalyst|.Ni reduced soot on sur-
LOME & synthesis gas pro- bed and to gaseous space between gas and weight bed, face of catalyst and at
SACHSSE cess catalyst. analysis soot- exit.

(1949) Many compounds, e.g. alkalis and alkaline- laden gas.Alkaline and alkaline-

earths. exhaust.| earths suppress soot

formation completely.
eInhibition is electro-
statical.
«Phenomenon explained on
basis of competition be-
tween coagulation and
abrasion.

140 {ADDECOTT i) flat parallel C2H4+ alkali O2 - weighing exhaust | EEfectivenessproportionalt
& NUTT diffusion counter 10% & (filtrations) destruction of socot nuclei
(1969) ii) rever-| flow c g + alkaline mass spectro- flame those which are effect-—

sed pre- 66 earths meter. ive in reducing soot re-
mixed. N2 (atom- duce natural ion concen-
iser) tration - each metal group
to be compared separately.

TABLE 8 (cont'd)
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Ref.

No.

Source

Type of

flame

Type of

burner

FUEL

OXIDANT

Type

Additives

Type

Additives

Method(s) of

analysis

Position(s)

studied

Comments

138

CREITZ
(1961)

enclosed
diffusion

tubular

H
CollgrHns
C3H8,
C4Hlo
Cco,

natural
gas

CH_Br,
CF_Br,

various
mixtured
of 0, &
N 2

2

CH_Br,
CF_Br

visual

flame

<0 +N2 mixtunre affects
e%ficiency of inhibitors
especially at 02/N con-
centrations less than in
air.
«Halogenated additives
were more effective in-
hibitors when added to
oxygen side of reaction
zone.

96

PLACE &
WEINBERG
(1966)

flat hori-
zontal
diffusion

parallel
counter-
flow

C.H +N

CsCl

weight-
ing &
electron
micro-
scope

along
the
flame &
exhaust

ePositive ions, eitherx
flame ions or from thermal
ionisation of CsCl may act
as a nucleus.
sManipulation of nucleation
growth and rate of de-
position using electric
field.

139

SALOOJA
(1973)

premixed
bunsen

type

tubular

ethylene,
propane,

isobutane
butene-1,
isobutene

quartz
fibre
coated
in alka-
lis &
alkaline
earths

air

see
underxr
fuel

Smoke
point

along
flame &
exhaust

+Additives decreased soot
formation in premixed re-
gions and increased it in
diffusion flame(surround-
ing premixed flame) .
+Mixtures of additive pro-
duced higher effect than
combined individual effect
s Catalytic activities cor-
relate with ionisation

tendencies of atoms.

TABLE 8

(cont'd)
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FUEL OXIDANT
Ref.|Source Type of Type of Type Additive(s) Type Additive(s) Method(s) of [Position(g)
No. flame burner analysis studied Comments
114| BOWSER & flat fish-tail C3H8 Ni wire air see fuel Photography | flame *» Pro & anti soot effects
WEINBERG{ diffusion nozzle coated with Effect of of ionising metals can be
(1973) + Ar BaO electric described in terms of
field electrons they produce.
s Metal is not expected
to melt at flame temp.
143} BULEWICK Premixed tubular C2H2, mainly 02 weighing exhaust |.Anti-soot effect due to
et al flat en- cH alkalie & (filtration) neutralization of ions
(1974) closed 3’8 Alkaline electron flame by Mt
(position + N, earths microscopy +Pro-soot effect based
of fuel & . (atom- . measurement on a sudden increase in
: (diluent) . . +
oxidant iser) of ion con- M
reversed - centration eSoot particle size col-
in some lected decreased in
cases) either cases.
*Anti smoke effect e.qg.
Ba >.Cs.
141 | FEUGIER enclosed tubular C2H4 see under Oxygen +| alkalie optical (ex-|burnt *A metal may have dual
(1973) premixed oxidant nitrogen| metals tinction) gas effect.
mixture (atomi- sPromoting effect was pro-
iser) portional to metal ioni-
sation potential; occurred
when metal ion was greater
than a critical amount.
oInhibition due to for-
mation of OH radical.

TABLE 8 (cont'd)
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FUEL OXIDANT
Ref.|Source Type of Type of Type Additives Type Additives |Method(s) of |Position(s)

No. flame burner analysis studied Comments

142 | FEUGIER enclosed tubular C2H4 see under e} +N2 alkalie optical burnt s At smalldﬁCs,K,N soot
(1975) premixed oxidant mixture metal, gas increased with concen-

alkaline tration of metal

earth +Li,Ba,Sr, & Ca produced

metals in general a net inhibit-
ing effect except Ba wh
which had a promoting
effect.

145|ZALAVADIAl turbulent commer- natural gas & air addit- optical 4 posi- (eGroup (i) much more
& DEWERTH cial ives: ' (total tions effective than (ii) in
(1966) nozzle- i) coke, charcoal,coal red pyro- along increasing radiation.

mixing & gas. meter) flame «(i) increased total heat
dual ii) lime, silica & CO, emission.
fuel iii)injection of fuel e(ii) useful when added
burner perpendicular to flame to flames which heat mat-
flow. erial like glass.
«{iii) caused small in-
crease in radiation.

146 |SATO & non- nozzle- town gas/oxygen(non-luminous), carbon ferric optical, flame & |eFlame temperature de-
KUNITOMO luminous mixing oxide, converter ash, diatomaceous earth and thermo- exhaust creased with additive
(1965) turbulent facing boiler ash. couple & concentration

down weight ana- «In the case of boiler ash
lysis. € increases with decrease
in temperature unlike in
the case of carbon
*
® = stoichiometric air/actual air

TABLE 8 (cont'd)
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FUEL ,

Ref. |Source Type of Type of _ OX1DANT Method(s) of Positioh(s)' Comments
No. flame burner Type Additive(s) Type Additive (s) analysis studied
148| GUYOMARD | laminar & tubular town gas, preheating air preheating |.using vari- | flame eAddition of around 7%
(1951) turbulent H2 C6H6 (to ous pyro- = benzene to either flame
diffusion fuel or air?) meters was much more effective
) than preheating air of
fuel or both above 500°C
149 |GUENEBAUT | premixed tupular CH4 heat air heat pyrometer various |ePreheating lengthened &
& GAYDON and Schli- positiond thinned flame. Inner
(1954) eren along cone shortened.
photogramy | flame sAverage radiation change
was negligible

TABLE 8 (cont'd)
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Coefficient K {2

Attenuation

16

1.4

1.2

1.0

0.8

0.6
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SYMBOLS

M=Mogul
S = Sterling
E =Elf

A =Acetylene
P =Propane
V =Vulcan

] l | |

M S E A

Type of soot

F:ig!(1)Attenuation coefficients of some soots.

(Data from ref.

12.

)
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Flg( 2) Effect of c¢loud thickness on radiation.

(From ref. 71.)
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FIGURE 3

FUEL

Decomposition

|

fcrmation of heavy hydrocarbons*

flame thermal
solid nuclei liguid nuclei
(charged?) {(unless decomposition is

more rapid)

v

growthy by agg-

lomeration** and
surface reaction

Primary soot particles — — — — — — —pParticle agglomerates
* precursorjof soot nuclei influenced by type of fuel, i.e. aliphatic
or aromatic

** influenced by charge on particles.
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F|g (']9) Effects of varying the fuel flow rate on
radiation (air flow = 300 mg/sec.).
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Flg(ZL) Effects of air pre-heat on flame radiation.
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(See Table 5 for symbols.)
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Flg(28 b) Effect of CCl4 on the yield of soot




See Table 5 for symbols.
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change of bulk temperature along flame length.
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(See Table 5 for symbols.)

Difference between radiation (ratios) calculated from model

and measured with (X) and without (Y) correction for gas

to the'fuel.

emissivity (addition of 0.029 mole/hr. ccl,

Fig(40)
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