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NOTATION

light-scattering coefficient, defined by eq. A.3

light-scattering coefficient, defined by eg. A.4

particle diameter

measured voltage at angle ©

light-scattering function for perpendicular polarization,

defined by eq. A.l
perallel polarization,

light-scattering functioﬁ for
defined by eq. A.2

wave number, defined as 2n/A
optical path through the cloud of scattering particles
index of refraction of soot particles, m = n - n'i

real part of index of refraction
imeginary part of index of refraction

distance from the scattering particles tc the point of
measurement of the scattered-light intensity

sensitivity of the multiplier phototube system
size parameter, defined as nd/A

product of x and m

attenuation factor for the three-mirror system

number fraction of agglomerates in soot particle system which
contains agglomerates and ultimate particles

absorption coefficient

aﬁgle at which the scattered-light intensity is measured
referred to the forward direction of the incident light

wavelength of light used

ix



mean particle size for a normal distribution

)

(o] standard deviation

Subscripts

o] refers to incident light

1 refers to the polarized component whose elecfric field vector
is perpendicular to the plane of observation

2 refers to the polarized component whose electric Tield vector

is parallel to the plane of observation
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ABSTRACT

An investigation has been undertaken tc develop a light-scattering
technique for measuring the size and concentration of soot particles in
flames. To this end, the theoretical light-scattering functions for
arbitrary size spherical particles have been calculated for a range of
parameters which correspond to those expected for soot particles. The
numerical regults were obtained with the help of an IEM 709 Computer.
These light-scattering functions and associated coefficients are
presented for the size parameter, xd/k, ranging from 0.05 up to 2.00 in
increments of 0.05 for angles from the incident light, ©, ranging from
0° to 180° in increments of 5°, and 14 values of the index of refraction
which cover the expected range and includes the most likely value of

m=1.71 - 0.76 1 for A = L358K.

A light-scattering apparatus has been constructed and used to obtain
experimental data from a premixed laminar benzene-air flame. Data were
also obtained from an amyl acetate diffusion flame and a Cambridge City
Gas flame. Tne experimental light-scattering data indicate that the
apparent goot particle size in the premixed benzene-air flame ranges
from 1250 to 1800A in diameter, the larger sizes corresponding to

Electron micrographs ot soot

larger elevations above the burnmer tip.
particles collected on a cool metallic proke, however, show that the

ultimate soot particles are only about 250A. This difference is believed
to be due to the presence of agglomerated units of the ultimate soot
particles. Additional experiments coupled with calculations, strongly
indicate that the soot particle system within the flame consists of a
very large number fraction of ultimate soot particles mixed with a

very small fraction of agglomerates.
Further development of this technique is necessary before its full

potential as a research tool for studying combustion problems can be
Recommendations for additional work are offered.

realized.
Thesis Supervisor Hoyt C. Hottel
Title: Professor of Fuel Engineering

Thesis Supervisor Glenn C. Williams
Title: Professor of Chemical Engineering



I. SUMMARY

The object of this investigation was to develop a technique for

determining the size and concentration of soot varticles at various

positions in laminar flumes of hydrocarbons in air. This entailed the

design and construction of an apparatus for measuriﬁg the poiar diagram
of the intensity of the light scattered by a flame illuminated by a
‘strong incident light, the celcglation of the theoretical light-
scatte;ing intensities which were applied to thé experimental results
to deduce soot particle size and concentration, and an evaluation of
the results.

A schematic drawing of the light-scattering apparatus which was

used fui measuring the scattered-light intensities at various positions

in a flame 1s shown in Figure 8.1. The scattered-light intensity was

measured at 10° intervals between 30° and 150° from the direction cf

the incideut light beam and in both planes of polarization at various

elevations above the burner tip. The majority of the data were

obtained from a fuel-rich premixed benzene-air flame. Additional data

were also obtalned from an amyl acetate diffusion flame and a
Cambridge City Gas diffusion flame.

A machine program for calculating the desired theoretical light-
scattering functions was developed using the Fortran coding system.
The calculated light-scattering functions for the perpendicular and

parallel components and the corresponding light-scattering coefficients

are presented in tabular form for practical ranges in the size

1



parameter and index of refraction which correspond to those expected

for soot particles in flames. These calculated results are presented

for angles from the incident light direction ranging from 0° to 180°

in increments of 5°. The size parameter, x(= nd/k), ranzes from

0.05 to 2.00 in increments of 0.05, while the range in the index of
refraction cocvered the expected values for soot particles based on =

study of the literature. Calculations were made for 14 values of the

index of refraction and the above combinations of the range of the

size parameters and angles. These calculations are for homogeneous,

moﬁodisperse'spherical particles.
The procedure for calculating the light-scattering functions for

a distribution of sizes of spheres is presented and a Fortran program
for obtaining numerical results. A few results for a normal distri-

bution of sizes are also presented but no attempt to use these results

in the analysis was made.
The experimental light-scattering data were compared to the

theoretical scattering patterns for a uniform particle system for

various values of the size parameter and indices of refraction. A

rather good fit cf the theoretical scattering pattern to the experi-

mental data was always possible for the perpendicular component with

an appropriate value of the size parameter for a given value of the

index of refraction. The comparison between the theoretical scattering

pattern for a uniform size particle system for the parallel component

and the corresponding experimental data is quite poor when the value



of the index of refraction is kept reasonably close to the axpected

A good fit of the theory to experiment was found for both the

value.
of refraction was

perpendicular and parallel components when the index
taken to be considerably different from th xpected value.
Figure 10.8 shows the results for a typical run where the experi-

mental light-scattering data are compared 1o

" of the index of refraction m and the size parameter x for a pre-

mixed benzene-air flame burning with a fuel-air ratio of 2.39 times

stoichiometric. The flame height is approximately 3.15 inches and the

elevation gbove the burner tip at which the data were obtained is

1.25 inches. In this experiment the wavelength was 4358 R. Figure 10.9
showé these same data compared to theory for a uniform size particle
system fér a value of the index of refraction of 1.40 - 1.00 i, which
1s considerably different from.the expected value of 1.71 - 0.76 1.
The experimental light-scattering data indicate that the zoot
particles in the premixed benzene-air flame range from about 1250 £

to 1800 X in diameter, depending on the elevation above the burner

tip at which the data were obtained. In general, larger apparent

particle sizes were obtained at progressively higher elevations in

the flame.
Electron micrographs of soot particles collected on cool metallic

probes, passed through the same flame and at the same elevation for
which the light-scattering measurements were obtained, show that the

ultimate scot particles from the premixed benzene-air flame are only



about 250 £. It is expected that this difference between the apparent
size deduced from the light-scattering measurements and that observed

from the election micrographs i1s due to agglomeration of the ultimate

soot particles within the flame. The apparent increase in particle

size with increasing elevation above the tip of thé burner is con-
sistent with the thought of agglomerated particles within the flame,
since the agglomerated soot particles could be expected to become

larger at progressively higher elevations due to additional

agglomeratiqn.
A pair of runs on a flame which had essentially the same test

conditions tut different incident light wavelengths for each run, show
that the ratio of the values of the apparent size parameters for the
two runs-is quite different from the inverse ratio of the respective
wavelengths, as would be expected for a uniform size particle system.

Instead of the value of 1.25, which is the inverse ratio of the

respective wavelengtks used, a ratio of 1.11 was found. 1In one

attempt to explain this result, calculations were made for an assumed
soot particle system which was made up of a small number of large
particles (representing the agglomerated soot particles) mixed with a

very large number of small particles (representing the small ultimate

soot particles). The light-scattering patterns were calculated for

the same two wavelengths as were used in the experiment and based on

this supposed particle system. These were then compared to the theo-

retical scattering patterns for various uniform size particle systems



toc find the best fit for the two cases. The results of these calcu-

lations show that the ratio of the apparent size parameters for the

two differeut wavelengths could be as found by experiment for the

P T T
il LA

(@

/
proper choice of the number ratio of large-to-small particles

respective absolute sizes.

The experimental resulis obtained herein from an amyl acetate
diffusion flame are consistent with the results of Senftleben and
Benedict. Here again, there ié a strong indication that the soot
particles exist in the flame as agglomerates mixed with a rather large
fraction of small ultimate sphericel soot particles.

The results of the concentration measurements are in question
because the nathre of the soot particle distribution is not known.
The apparent number concentrations of the soot particles deduced from
experiments are about lO8 particles per cc but are likely orders of
magnitude greater-

Additional development of the light-scattering technique is

necessary before its full potential as a research tool for studying

practical combustion protliems can be realized. It should be pointed

out that this technique has potential application to several other
problems involving study of growth and decay rates of liquid and

solid particles in reacting systems in addition to the soot formation

process in flames.



IT. INTRODUCTION

The formation of soot particles in flames is important in many
The commercial prcduction of carbon black

ccmbustion applications.
ustion of

is one example. Carbon black produced by incomplete comh

hydrocarbons 1is used extensively in rubber compounding, as a pigment

in inks and paints, and has many other uses. A problem in the opera-

tion of a turbojet combustion chamber is the forzation of free soot
with the subsequent fouling of the fuel nozzles and blocking of the
air ports. Still another example is the formation and subsequent com-

bustion of soot particles in a& luminous flame such as is required for

the high heat transfer in industrial furneces. The governing physical

and chemical processes involved for the various conditions in which

soot is formed are not well understood.

A great deal of effort has been directed toward the understanding
of the soot formation process over the years as evidenced by the
appearance of more than a hundred publications dealing with this
problem directly. While working with a miner's safety lamp, Davy,

in 1816, concluded that the lumirosity of flames is caused by the

production and ignition of solid matter in flames (1). At the present

time it 1s generally agreed that the luminosity of hydrocarbon flames

is due to the presence of soot particles. It is well known that a

sample of soot can be collected by passing a cold probe through a

luminous but nonsmoking flame.




Coward and Woodhead (2) measured the luminosities. of flames of a

rather large variety of chemical compounds to determine the effect of

chemical structure of the fuel on the luminosity. The results show

that chemical structure of the fuel has a very marked effect on the

luminosity of a flame. Hunt (5) bas also examined a large number of

compounds in order to determine the effect of molecular structure on

soot formation. In his work the smoke points of the varicus fuels

were determined. (The smoke point is defined as the height in milli-

meters of the highest flame produced without smoking when the fuel in
question is bﬁrned in a standard burner.) In addition to making a
systematic study of the smoking tendency of many different hydro-
carﬁon fuel types, Schalla, Clark, and McDonald (4) also studied the

effect of pressure, oxygen supply, degree of preheat, and fuel-flow

rate in premixed flames.
Fenimore, Jones, and Moore (5) studied soot formation in quenched

flat flames of propane and butane. They found that the yellow carbon

luminescence of a fuel-rich flat flame fades abruptly as the pressure
is lowered to a critical pressure at a fixed mass flow and fuel-air

ratio. This critical pressure was higher for lower fuel-air ratios

or for greater mass flows per unit area of the burner.
Arthur and Napi=r (6) examined the physical properties of soot

collected from various hydrocarbor flames. They find marked changes

in the nature of the collected soot by suitable modification of the

combustion conditions.



Stehling, Frazee, and Anderson (7) find from electron microscope

observations of collected acetylene soot that the small particles are

grouped into aggregates to form chain-like structures. These small

rarticles ranged from 800 to 2000 £ in diameter. Parker and Wolfhard

(8) measured, under an electron microscope, the size of soot particles

collected from an amyl acetate diffusion flame. They found that the

soot particles from a nonsmoky flame were nearly all the same size

and approximately 100 X in diameter. These particles were found to be

built together into filaments or chains. They also report that the

particles collected near the top of the flame were similar in size to
those near the base. Their study of a sﬁoky amyl acetate flame,
however, showed some particles with diameters of about 500 X. Gaydon
and Wolfhard (9) indicate that the size of soot particles in flames
range from 100 to 2000 £ in diameter.

Several mechanisms have been proposed for the soot formation
process, but a firm understanding of this subject is certainly lacking
The question of a soot formation mechanism has recently been reviewed
by Gaydon and Wolfhard (2).

One method for determining the size of soot particles in flames

involves removing a sample of soot from the flame and examining it

under an electron microscope. This type of study has been made by

Tesner, Robinovitch, and Rafalkes (10) wherein two methods were used

to remove soot particles from different Parts of a methane diffusion

flame with and without addition of other compounds. One method




entailed the collection of soct cn a cold surface introduced into the

flame at various heights above the burner. The other method involved

collecting the soot particles in a bag filter which was preceded by
a quenching lattice made of water-cooled metallic capillaries. The
mean diameters of the particles removed from different parts of the
flame were in the range of 200 to 400 E.

The method of determination of soot particle sizes by physically
probing a flame with subsequegt examination uﬁder an electron micro-
scope has the obvious undesirable feature of probe interference. It
would be desirable to have a method for determining soot particle
sizes in an undisturbed flame.

In 1919, Senftleben and Benedict (1l) measured the scattered-
light intensity generated by focusing light from a carbon-arc source
in the luminous zone of a Hefner lamp burning amyl acetate. The
scattered-light intensity was measured at various angles from thLe
incident light beam. From a comparison of the measured scattered-
light intensities with the light-scattering theory for arbitrary size
spheres due to Mie (12), Senftleben and Beredict deduced a soot
particle size of 1750 R in their experiment. The scattering volume
in the flame was comparable with the total flame volume so that their
results represent some sort of average size weighted over a large

portion of the flame. A method for determinating the soot particle

size based on light-scattering results avoids the complication and

uncertainty caused by probe disturbances.



It was the object of the present study to develop a light-

scattering technique for determining the soot particle size and con-

centration in flames. This entailed the design and construction of an

apparatus for medsuring the scattered-light intensity from a laminar
flame illuminated by & strong incident light, the calculation of the
theoretical light-scattering intensities which, when applied to the

experimentally determined intensities, permit deduction of soot

particle size and concentration, and finally an evaluation of this

technique for-studying the soot formation process.

The scope of this work includes a presentation of the light-

scattering theory for the expected size range of soot particles. This

1s followed by a discussion of the application of ligh%t-scattering

theory to experiment for determining the soot particle size and con-

centration. Also, a discussion of the design considerations and

description of an apparatus for measuring the light-scattering inten-
sity from a luminous fleme are given. The experimental results are
presented, followed by a discussion and evaluation of these results.
Finally, the conclusions drawn from this study and some recommendations
for future work on this problem are presented.

While this work has the objective of developing & light-

scattering technique for determining the soot particle size and con-

centration in flames, there are certainly several other practical sys-

tems to which this type of study could be applied. For example, the

application of the light-scattering techanique to a study of the growth
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and decay of particles within rocket exhausts looks promising.
Durbin (13) has presented a method for measuring the size and concen-
tration of particles in a supercooled hypersonic stream. Quite
recently, Kaskan (14) has reported some preliminary light-scattering

measurements on particles of liquid boron oxide condensing in s

trimethyl borate-air flame. The scattering measurements presented in

' reference l4 were msde entirely by determining the extinction as a

function of wavelength.



III. LIGHT-SCATTERING THEORY

Light can be represented as an electromagnetic wave and thus has

a transverse oscillating electric field associated with it. When a

beam of light passes through a particle, this oscillating electric
field, which is perpendicular to the direction of the incident light,
causes the electric charges contained within this particle to be set
into forced oscillation with a frequency equal to that of the incident

light. These oscillating electric charges, in turn, are each sources

of electromagnetic radiation, scattered light.

Physical Description of a Simple Scattering Process
Consider the simple case shown in Figure 3.1 where a beam of

parallel light is incideai on a single scattering particle which is

very much smaller than the wavelength of the incident light. Unpolar-

from the left along the z-axis and is

ized parallel light enters
Since

partially scattered by the very small particle at point p.
the oscillating electric field of the incident light is always per-
Pendicular to the direction of the incident light, the oscillating

charges move only in a plane which is perpendicular to the z-axis

and passes through point p. This plane is defined in Figure 3.1.

A reference plane containing the z-axis is also shown and :is arbitrarily

chosen to correspond to the plane of the page. This second plane is

dencted as the plane of observation. (This designation will become

apparent later.)
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The components a) and ap of the vector which defines the

direction and amplitude of the periodic motion of the oscillating
charges are indicated in Figure 3.1 and lie in the plane perpendicular
is ‘perpendicu-~

to the z-axis through point p. The direction of aj

lar to the plane of observation and ap is parallel to the plane of
observation. ’

If the inciden