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ABSTRACT

AN EXPERIMENTAL STUDY OF
SOOT FORMATION AND OXIDATION
IN AXISYMMETRIC COUNTERFLOW DIFFUSION FLAMES

By

Keunchul Lee

The objectives of this research are: (i) to quantify the formation, growth, and
oxidation rates of soot in counterflow diffusion flames and (ii) to quantify the effect of
products of combustion (primarily CO, and H,0) on soot oxidation rate in diffusion
flames. The technical approach is to conduct a detailed study on a basic unit of turbulent
diffusion flame, that is, an one-dimensional laminar diffusion flamelet. For this purpose,
an axisymmetric counterflow diffusion flame has been chosen.

This one-dimensional diffusion flame is stabilized between two opposing streams
of fuel(CH, + inert gas) and oxidizer (O, + inert gas ) by an unique high temperature
counterflow diffusion flame burner. The burner is capable of preheating both streams up
to 1500 K at low strain rate. This capability was utilized to conduct a sequence of
experiments at pre-heat temperatures of 300 K, 900 K and 1200 K with reduced oxygen
concentrations as low as 9.7 %.

To determine soot formation rate, a sequence of experiments was conducted at
three pre-heat temperatures with constant fuel concentration. To study the effects of CO,
and H,O on soot oxidation, inert gas in oxidizer or fuel stream was replaced by measured

amounts of CO, or H,0. These concentrations were calculated to hold the peak flame

temperature and the stagnation plane location unchanged. Thus, only the chemical effect
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of CO, and H,O on soot formation was investigated. Using a laser light scattering and

extinction techniques, soot particle size, volume fraction and number density were
measured. PAH concentration was determined using a blue-green LIF. Also, stable gases,
hydrocarbons, and temperature profiles were measured across the flame.

The data was reduced according to the one-dimensional model for counterflow
diffusion flame. This model postulates that the overall soot formation and oxidation
reactions follows Arrhenius kinetics. These results showed that the overall activation

energy for soot formation is 36 Kcals/mole within 10 % error. The chemical

measurements also showed that the primary intermediate species consist of C, and
aromatic hydrocarbons. It was also found that CO, and H,O are very effective species for
soot destruction in the flame. More soot particles are oxidized when CO, or H,O are

introduced into the input oxidizer stream.
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Chapter 1

INTRODUCTION

1.1 Introduction

The formation and emission of soot in combustion processes pose problems
which have long concerned scientist and engineer alike. Soot emission from a practical
combustion appliance reflects poor combustion conditions and, consequently, a loss of
efficiency. Also, the particulate loadings of the atmosphere caused by soot released by
these combustion processes with gaseous combustion products such as NO, and
hydrocarbons, has recently been recognized as extremely harmful to life by obscuring

vision and creating respiratory problems.

On the other hand, soot particles in the flames play an important role in energy
transportation by thermal radiation from diffusion flames in industrial furnaces and
combustors. The presence of soot in the furnace flame promotes radiation and hence,

the efficiency of heat transfer from the flame.

Natural gas diffusion flames are less radiative because very little soots are pro-
duced in these flames. This is the most disadvantage of usage of natural gas as a fuel.
To promote radiation and hence the efficiency of heat transfer in the natural gas
diffusion flames, it is necessary to increase the production of soot without emitting

soot particles to the atmosphere.

Under these extremely opposed circumstances, the technical problem is to pro-
duce the maximum number of soot particles in such a way that all the particles can be
completely oxidized before leaving the reaction zone. Thus, the goal of this research is
to develop a quantitative understanding which will enable to control formation and oxi-

dation rate of soot in natural gas turbulent diffusion flames.
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1.2 Description of The Research

The aim of this research is to enhance radiative heat transfer from natural gas
diffusion flames. As mentioned in previous section, to achieve this aim, it is necessary
not only to increase the soot production rate in turbulent diffusion flames, but also to

understand soot oxidation processes in these flames.

The particular objective of the present study is to experimentally quantify the for-
mation, growth, and oxidation rates of soot in counterflow diffusion flames. These
rates of soot in the diffusion flames were characterized by important factors in tur-
bulent diffusion flames such as temperature, strain rates, and fuel and oxidizer concen-
trations. For the present study, the soot formation and oxidation rates was quantified
for a single fuel of practical importance such as the widely used natural gas. As a
fuel, methane was used because methane is a main species of natural gas. This is in
contrast with previous studies where obtaining comparative results for fuels with

different chemical structure was the primary objective.

It is hard to describe turbulent diffusion flame locally. It was found that the tur-
bulent diffusion flame can be modeled by laminar diffusion flamelet which has a one-
dimensional counterflow diffusion flame configuration. Details are discussed in Chapter
2. Therefore, in the present study, one-dimensional axisymmetric counterflow diffusion
flames were used to measure characteristic factors of the soot in diffusion flame as
well as chemical composition. It is also pointed out that this configuration is con-

venient for theoretical analysis because of the one-dimensionality.

Sooting structure of flames is very complex. Sooting process can be described by
the result of integrated complex chemical processes. Soot production, for example, is
reduced as a result of the reduction of oxygen concentration. This does not mention
that this soot reduction purely comes from the reduction of oxygen concentration.
Because, the different oxygen concentration in flame may changes flame temperature,

concentration of combustion products, and even strain rates. It is difficult to identify
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single effect on the sooting process in the flame. Sooting process of flames can be

affected by temperature, fuel and oxygen concentrations, strain rate, concentration of

combustion products, etc.

To understand this complicate sooting process and structure of flames, it is, there-

fore, very advantageous and important to isolate these effects one to the others. For

this purpose, an ideal set of experiments were designed. These are:

@

(i)

Soot nucleation and growth (fuel pyrolysis and coagulation) : This set
of experiments is conducted with hot fuel gas (methane) flowing against
hot inert gas (N,) to achieve temperatures at the stagnation plane that are
close to the flame temperatures without a flame. Fuel concentration and

the fuel and inert stream temperature are used as variables.

Soot oxidation by products of combustion : Part of a hot inert gas is
replaced by known concentration of CO, and H,O without changing the
flame temperature and the strain rate from experiment (i). The difference
between the results of the two experiments (i and ii) provides a quantita-
tive of soot oxidation by major products of combustion. The concentration

of CO, and H,O are used as variables.

These ideal experimental conditions are difficult to achieve because the materials

needed for building such a burner are not easily available. Thus, initially attention was

focused on the following two sets of experiments:

@)

Determination of soot formation rates : To accurately determine the
structure of a sooty flame, very low strain rates (2 ~ 3 sec”!) were used. A
set of experiments were performed where an initial sooty flame, which is
established by high fuel concentration and low oxygen concentration, with
no pre-heat was chosen for the investigation. In subsequent experiments,
the oxygen concentration is decreased while increasing the pre-heat tem-

perature to approach a pure sooting flame without oxidation. The oxygen



concentration was reduced by replacing with nitrogen without significant
changes in strain rate and maximum temperature in the flame. The fuel
concentration was maintained constant for all experiments. Analysis of
these experiments yield the overall soot formation rate and the sooting
structure of the diffusion flame with minimum interference from soot oxi-
dation.

(ii) Determination of soot oxidation rates : It is important to understand
soot oxidation by main species of combustion products such as CO , and
H ,0, because these are the main species in the zone where soots are pro-
duced. This set of experiments were performed to verify the CO 5 and H ,0
effects on the soot oxidation rate. Analysis of these experiments will be
helpful to determine the effect of exhaust gas recirculation. Experiments
were also performed to determine which stream is more effective for these
species to be added on the soot oxidation rate. These species pass
through a very high temperature zone (~ 2000 K) before reaching sooting
zone when they are introduced into oxidizer stream, and they are diffused

into sooting zone from the fuel side of stagnation plane when they are

introduced into fuel stream.

Soot particles in the flames can be characterized best by volume fraction f, (cm?>
of soot/cm? of space), number density N (counts/cm 3), and the size of soot particle D
(nm). The particles are not uniform in size. Therefore, size distribution of soot parti-
cles can also be a parameter which determines the soot volume fraction and the
number density. Usually, However, that is relatively narrow. So, some reasonable dis-
tribution functions can be used for characterization of the particles at certain position
in the flame. From a mechanistic point of view, it is most convenient to consider the
soot volume fraction, number density, and particle size as independent variables in the

process. These three independent variables are related to each other. Accordingly, if
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two of these three are known, the last one can be calculated easily.

To measure these characteristic properties, soot volume fraction, number density,
and particles size in a one-dimensional counterflow diffusion flame, it is clear that a
very special burner, which can provide a axisymmetric counterflow diffusion flame at
high pre-heating temperature, and instrumentation are needed. An ideal axisymmetric
counterflow diffusion flame burner was designed and constructed. For the measure-
ments, both intrusive and non-intrusive techniques were employed to measure all the
parameters necessary for the present study in the flames. Temperature profile and gas
composition were measured by intrusive methods. Temperature was measured by a fine
wire thermocouple, and gas composition was measured by a gas chromatograph with a
quartz microprobe for gas sampling. A Perkin-Elmer gas chromatograph (model 8500)

was employed to measure the concentration of stable species and the light hydrocar-

bons.

Soot fields were measured by a laser light scattering and extinction optical sys-
tem. For measuring soot particle size, the dynamic light scattering technique is
employed while the classical light scattering/extinction technique is used to determine
the particle size, volume fraction, and number density. The details of the apparatus

employed are explained in chapter 3 and appendix C.

1.3 Structure of The Thesis

In chapter 2, previous work is reviewed. This includes the review of literature on

sooting structures of flames as well as a review soot measurements methods.

Chapter 3 initially describes the burner used in the present study. The axisym-
metric counterflow diffusion flame burner has been designed and constructed based on
the theoretical calculation and model testing. In section 3.1.1, the requirements of the
burner is discussed. Following sections (3.1.2 and 3.1.3) show the results of calcula-

tions and model tests for guide flanges. The details of the calculations and model test
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are attached in appendix A. The final configuration of the burner and its validity are
discussed in section 3.1.4. The heating capability to preheat the inlet gas streams is
also discussed in this section. The buoyancy effect in the diffusion flames without
pre-heat is also discussed in the section 3.1.5. Since the laser beam location was used
as a fixed reference position, Burner has to be capable to move with respect to the
laser beam. The burner traverse systems can be found in section 3.1.6. The last sec-

tion of this part (3.1.7) summaries the burner configurations.

Rest of chapter 3 shows all measuring apparatus and instrumentation used for this
research. Apparatus for gas composition measurement are explained in section 3.2.

Microprobe, sampling system and method of gas analysis can be found in this section.

Soot field measurements is described in section 3.3. Laser light scattering and
extinction measuring equipments and theory for soot field measurement are explained
in section 3.3.1. The last part of this section (3.3.2) shows the Laser Induced Fluores-

cence (LIF) measurement method for Polycyclic Aromatic Hydrocarbon.

Experimental procedures and results are discussed in Chapter 4. This chapter is
divided into several parts. First, for experimental procedures is described in section
4.1. This is followed by the measurement methods, data collection and experimental
results (4.1, 4.2, 4.3 and 4.4). This chapter also explains the measurement error and

error analysis in section 4.5.

In Chapter 5, to analyze the results discussed in chapter 4, the equations for soot
field are derived. Parameters are calculated using proper constants and properties. The

calculation results based on the Arrehnius form are also discussed.

Chapter 6 concludes this research work. Recommendations for the future work are

in this last chapter, too.






Chapter 2

LITERATURE SURVEY

2.1 Diffusion Flames and Sooting Structure

Diffusion Flames

Gaseous fuel flames are commonly divided into two classes, the premixed flame
and the diffusion flame. In the premixed flame, the fuel and the oxidizer are premixed,
and then the combustible mixture enters into the reaction zone. The final combustion
state and the flame characteristics of premixed flame can be determined uniquely with
the specifications of chemical and physical conditions of the combustible premixed
gases. In the diffusion flame, on the contrary, the fuel and the oxidizer enter the reac-
tion zone separately and are then mixed at the zone where the reaction takes place.

The diffusion flame exists at the interface between the fuel and the oxidizer.

Turbulent diffusion flames, which are concemned in this research, are increasingly
being viewed as an ensemble of laminar diffusion flamelets (Williams, 1975; Peters,
1983, 1984). In the neighborhood of the reaction zone where soot is being formed and
oxidized, turbulent diffusion flames constitute of laminar diffusion flamelets. Figure 2-
1 schematically shows the large scale vortices that are formed in the shear layer
separating the fuel and the oxidizer streams. Locally, in these vortices, the burning
occurs in the little flamelets that exist at the highly convoluted and strained

stoichiometric interface between the two streams.

The structure of the diffusion flame has been studied over six decades since the
first successful analysis by Burke and Schumann in 1928. They employed flame sheet
model. Since the flame sheet model is based on the assumption that the chemical reac-
tion rate in a diffusion flame is infinitely fast, it has been extensively used for theoreti-

cal studies. Using this model it becomes possible to calculate the location and the
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Figure 2-1  Model of laminar diffusion flamelet in turbulent diffusion
flame.

shape of the flame, the rate of heat transfer to a solid or a liquid surface, and the burn-

ing rate of the fuel.

For the studies of diffusion flames, coaxial coflow diffusion flames and flat
coflow diffusion flames have been used. A coaxial diffusion flame can be established
when a fuel gas is ejected from a cylindrical tube into a quiescent oxidizer or an oxi-
dizer flow (Smith & Gordon, 1956; Roertgen & Botendahl, 1975; Mitchell, Sarofim, &
Clomburg, 1980), and a flat diffusion flame can be established in the boundary region
between parallel flows of the fuel and the oxidizer (Parker-Wolfhard burner)(Wolfhard
& Parker, 1949; Melvin, Moss, & Clarke, 1971; Smyth & Miller, 1987). In these
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flames, however, there is a dead space near the rim of the burner where the flame is
not established due to the heat loss and quenching of active radicals at the wall. There-
fore, direct inter-diffusion of the fuel and the oxygen occurs in this dead space, pro-
ducing a small region of premixed gas at the base. Consequently, the characteristics
and structure of this type of diffusion flames can be easily affected by this premixed

gas.

Wey, Powell, and Jagoda (1989), as an example, investigated the effect of a small
amount of oxygen in fuel flow on soot formation in the diffusion flames. Their result
showed that even the basic processes of soot formation in a diffusion flame remain
valid when small amount of oxygen is introduced to the fuel flows, the soot loadings
increases far beyond what would be expected by considering the resultant rise in tem-

perature only.

In these coflow diffusion flames, the conditions along the streamlines may not be
same. The profiles of temperature, species concentration, and the time to reach the
same distance from the burner (retention time) may be different along different stream-
lines. This implies that the soot particles may have different formation, growth, and

oxidation rates if they flow through different streamlines.

Therefore, the laminar diffusion flame on the coflow burner is thought to be
unsuitable for the study of the fundamental processes of the soot formation and oxida-

tion in the diffusion flames.

A pure diffusion flame can be established in the zone of impingement of two
opposed gaseous flows of fuel and oxidizer (Spalding, 1961; Lifian, 1974; Carrier, Fen-
dell, & Marble, 1975; Hahn & Wendt, 1981a; Lin & Sohrab, 1987). Such a flame is
called the counterflow diffusion flame. Figure 2-2 shows the schematic of the
counterflow diffusion flame. This counterflow diffusion flame provides a suitable
method to study a pure diffusion flame. This geometry can create a reaction zone or a

diffusion flame without premixed gas zone in coflow diffusion flame, and hence, no
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premixed characteristics involves in this diffusion flame (Hahn & Wendt, 1981a; Tsuji,

1982).

oxidizer
flame
stagnation
\ \ / "
fuel

Figure 2-2  Schematic of the structure of one-dimensional counterflow diffusion
flame.

Most diffusion flames have two or three dimensional configuration. Thus, it is
very difficult to analyze them mathematically. The counterflow diffusion flame, on the

other hand, is one-di ional in p gas i and soot field

although two dimensional in velocity and p This one-di ionality is the big-
gest advantage in using the flat counterflow diffusion flame. Therefore, for the present
research, the axisymmetric counterflow diffusion flame was used to study soot forma-

tion and oxidation in diffusion flame.



flz

Pa

Pyt

W'a E
thay



11

Sooting Structure in Diffusion Flames

Despite the proliferation of research on soot formation in recent years, a reliable
quantitative method for determining the overall rate of soot formation and oxidation is
not currently available. In the combustion process, soot usually forms and grows in the
temperature range from 1300 K to 1700 K. The total amount of soot formed in the
flames is always very small compared to the amount of carbon present in the fuel con-
sumed, and the time available for the soot formation process is of the order of a few
milli-seconds. Soot particles looks black and consists mainly of carbon and also con-
tains up to about 10% hydrogen by volume even more when it is young. More detail

of physical characteristics of soot can be found elsewhere (Palmer & Cullis, 1965).

Sequential and overlapping steps of soot formation and oxidation have been
investigated by numerous researchers. But explanations of soot generated in the
combustion process are not uniquely defined in hydrocarbon diffusion flames. As a
results of these numerous investigations, the soot formation process in hydrocarbon
diffusion flames can be described by a series of distinct steps (Glassman, 1987), which
are (i) a fuel pyrolysis, (ii) the production of precursor molecules. (iii) growth which
forms numerous small primary soot particles (soot particle nucleation), (iv) particle
surface growth, and (v) particle oxidation process (Soot oxidation process may not be

a separated process. Soot may be oxidized in any stage of processes in the diffusion

flames).

These processes can be briefly described qualitatively.
Particle inception

The first step, called particle inception, is generation of soot seeds from the fuel
pyrolysis. Various hypothesis to explain this stage have been made. Haynes and
Wagner (1981), for example, suggested that precursors are acetylenic in character and

that these acetylenes polymerize and go through a cyclization process to form the vir-

gin soot particles. Since this radical process mechanism involves fuel pyrolysis and
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thus depends on chemical structure of the fuel, This mechanism would appear to be
slow but to be consistent with experimental observations of soot formation. For the
rapid production, Calcote (1981,1983) investigated ions in the flame as major particles
of soot precursors. He postulated that molecular ions lead to the formation of soot
nuclei. So, number of ions in the flame was used to obtain the rate of soot formation

in his research.

It is noted that recent investigations (Homann, 1978; Bertrand & Delfau, 198S;
Saito, Williams & Gordon, 1986) have suggested that ionic species do not play a
major role in the soot formation processes. However, alternating electric fields have
been found to promote soot formation in coflow diffusion flames (Mizutni &
Nakahara, 1984). For same explanation, for the rapid soot production, Frenklach,
David, and Gardiner (1988), proposed a model which suggested that the precursors are
acetylene and its higher analogs (C,,H5), as well as polycyclic aromatic hydrocar-
bons. These precursors are very small particles in size (1 ~ 3mwm) and are created in
large numbers. Even though these soot precursors are created in large numbers, soot

loading is very low because of their small sizes.

These precursor species are then combined as the nucleation reaction proceeds to
form the condensed phase material and subsequent absorption of high molecular
weight hydrocarbon compounds. The mechanism to form incipient soot particles is not
well understood.

Surface growth

These incipient soot particles grow through two different mechanisms. Particles
grow by attachment of gas phase species to the surface of the particle phase, known as
surface growth. Growth by surface reactions leads to an increase in the volume frac-
tion while number of soot particles remains constant. On the other hand, particles grow
by coagulation when the particles collide and coalesce or by agglomeration when the

particles combine to form a chain-like configuration. This growth decreases the number
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of soot particles while the volume fraction remains constant. These two different

mechanisms of soot particle growth makes the flame soot rich.
Soot oxidation

In general, the soot particles that form and grow in flames are, generally speak-
ing, followed by soot oxidation where the soot is burnt in the presence of oxidizing
species to form gaseous combustion products. The emission of soot particles from the
furnaces and the combustors depends on the balance between the rates of the formation
and the oxidation in flames. From the results of present study, oxidation process may

occur in any stage of sooting processes.

Most experimental work on soot formation in diffusion flames has investigated
overall effects using two or three dimensional flames. The general complexity of the
temperature, species, and flow field in these diffusion flames makes it difficult to iden-

tify and control the separate parameters which influence soot formation and oxidation.

Fuel species, flow rate, and temperature effects on soot formation

An overall measure of sooting tendency is the gaseous fuel flow rate or flame
length of a round laminar jet flame which is at the verge of smoke emission (the
smoke point). Fuels with a high sooting propensity produce smoke at low flow rate
and short flame length, whereas, low sooting fuels require higher flow rates or longer
flame length to emit smoke. The causes for the differences in smoke points between
fuels have been examined by Schug, Manheimer, Yaccarino, and Glassman (1980) and
Glassman and Yaccarino (1981) in terms of fuel C/H ratio and adiabatic flame tem-
perature. Schug et al. (1980) determined that the sooting tendency does not correlate
with fuel C/H ratio. Glassman and Yaccarino (1981) found that the C4 and C s olefins
show the greatest tendency to soot and that acetylene’s great sooting propensity is due
entirely to its high flame temperature and not its structure. Kent and Wagner (1984)

reviewed temperature and fuel effects on sooting in diffusion flames. They pointed out
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in conclusion that fuel structure is an important parameter on soot formation as well as
temperature. Roper (1984) added that the effect of buoyancy on the flame gas

residence time should be considered in the soot formation.

More accurate measurement techniques, such as laser light scattering and extinc-
tion measurements, have made great contributions to soot formation studies. Using this
method, Santoro, Semerjian and Dobbins (1983a, 1983b) studied the early particle for-
mation region. In addition, Santoro and Semerjian (1984) examined the effects of fuel
flow rate, fuel species and temperature on the soot particle formation in coflow
diffusion flames. This study showed that the temperature exerts the strongest influence

on soot formation.

Recently, the effect of the strain rate on soot formation in diffusion flames has
been examined. Vandsburger, Kennedy, and Glassman (1984) measured soot particles
in counterflow diffusion flames with four different oxidizer flow velocities. This exper-
imental work showed that soot volume fraction and the final aggregate size reduces as
the oxidizer flow velocity increases. And the number density of soot particles does not
vary within velocity range they used. Maximum particle size decreased with increasing
oxidizer velocity. This can be explained by examining the soot residence time in the
flame. The longer the residence time in the flame, the more the soot volume fraction

and the bigger the soot particles form.

The flames with different fuel flow rates are examined by Santoro, Yeh, Horvath,
and Semerjian (1987). They observed that large flow rate increases the amount of soot
because of the increase in residence time in the annular region of the bigger flame.
Also it increases the cross-sectional area and thus in the total amount of soot formed.
From this study it is pointed out that there was no significant increase observed in the
soot formation rates as a result of increases in the fuel flow rate. Temperature profiles
were also examined along the streak lines through the annular region following soot

particle formation. In this measurement, the oxidation process begins sooner in the low
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flow rate flames, and results in higher temperature at the later stages of the flame.
These higher temperatures results in more rapid oxidation of the soot particles in
coflow diffusion flames. As the flow rate increases, the amount of soot present
increases thus the lower temperatures observed in the oxidation zone because of soot

radiation loss. Results reduces the soot oxidation rate.

Most of soot formation and oxidation research has concentrated to isolate various
effects from one another. Since soot formation and oxidation is a part of complex
chemical and physical reaction processes, the isolation is one of the major tasks not
only in soot formation and oxidation research but also in flame research. Axelbaum,
Flower, and Law (1989) investigated the effects of dilution and temperature on soot
formation. During this experimental work, the effect of fuel dilution and flame tem-
perature are isolated by adding inert to the fuel and oxidizer streams. Flames with
different maximum temperatures but the same fuel concentration are used for examina-
tion of temperature effect, and flames with different fuel concentrations but the same
maximum temperature are used for examination of fuel dilution effect on soot forma-
tion and oxidation. This experimental work concluded that the soot volume fraction
and the total available surface area vary linearly with initial fuel concentration, and
that the specific surface growth rate does not depend on the fuel concentration. It was
also found that temperature effect is significant on the soot formation rate. In this
experimental work, changes in mass flow rate, which can be changed from the replac-

ing nitrogen by argon, were not concerned.

The influence of addition of oxygen into fuel-side on soot formation in Bunsen
diffusion flames has been studied by many authors (Dearden & Long, 1968; Jones &
Rosenfeld, 1972; Wright, 1974; Schug et al, 1980; Saito er al., 1986b). In a recent
study on methane diffusion flames (Saito er al., 1986b), it was found that addition
small amounts, 3% by volume, of oxygen to the fuel side of the flame had negligible

effect on methane pyrolysis and soot formation. Relatively much less has been known



16

about the possible effects of oxygen concentration in oxidizer stream on the soot for-
mation in laminar diffusion flames. Thus far, the extent of the thermal versus chemical
influence of oxygen addition into the fuel or the oxidizer stream on soot formation in

diffusion flames is not fully understood (Tien & Sohrab, 1990).

2.2 Soot Measurements Methods

Soot particles formed in flames can be studied from measuring them by certain
method such as measurement of sooting height or measuring soot particles using laser
light scattering and extinction technique. Measuring soot particles in flame is one of
main difficult task, because the physical and chemical structure of soot particle is very
complex. Soot particles are not unique in chemical point of view. The soot particles
are compound of mainly C and H. The shape of soot particles is also not unique. Even
individual soot particle which is a part of agglomerated soot particle or a part of
chain-like soot particle, is nearly sphere, the shape of the soot particle may be varied
along the residence time and its location. These variations of soot particle imply that
chemical, physical, and optical properties of soot particles can not be uniquely defined.
Therefore, the examination of the measurement method might be very important to
measure soot particles and then to understand the insight of soot formation and oxida-

tion in flame.

Sooting height measurement

For the candle type flames, sooting height measurements are common methods to
measure sooting trends. Sooting height measurement method has contributed much to
the understanding of soot tendency along fuel structures and flow rates qualitatively.
This method uses to measure overall or integrated sooting effects of the flames. So, the

weak point of this method is that local value of parameters for soot particles can not

be measurable.



| Py

te



17

Intrusive measurement

Direct sampling, as an intrusive technique, are employed to measure the soot field
locally in diffusion flames. Direct sampling of the particles has appeared in several
forms but the questions related to the validity of the morphological observations make
this method hard to be used. Some of direct sampling methods are based on the fact
that soot deposition rates on the cold target surfaces immersed in the flames are dom-
inated by particle thermophoresis. These collected particles on the cold surfaces are
analyzed under electron microscopy (Jacoda, Prado & Lahaye, 1980; Neoh, Howard &
Sarofim, 1984; Prado, Jacoda, Neoh & Lahaye, 1981; Skolnik & McHale, 1980). In
this methods, soot particles may be altered when the soot particles are caught by the
cold surface. The flame condition around the cold sampling surface, where soot parti-

cles are taken, may be altered because of the existence of the cold surface.

Another method consists of using a sampling orifices (Chippett & Gary, 1978;
Prado, Lee, Hites, Hoult & Howard, 1977) to collect the particles from the interior of
the flame and subsequently to analyze them through electron microscopy technique.
These methods, however, involve a few steps which aim at the separation of the sam-
pled particles from the combustion gases withdrawn from the flame. These steps may

affect the particle morphology, thus causing a degree of uncertainty of the results

obtained using these methods.

Laser light scattering/extinction measurement

Recently laser light scattering and extinction technique has been used for more
accurate and in-siru measurement of particles in the flames. Initially Millikan (1961,
1962), and Kunugi and Jinno (1967) employed this light scattering technique to meas-
ure soot field in flames. The more laser light scattering and extinction measurement
techniques were subsequently employed for an in-siru analysis of the soot field. These

methods have considerably appeal because they are non-intrusive and allow
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observation of the soot without intervening in the physical and chemical processes

which are present in the flames.

Soot refractive index is strong factor to extract information of soot in the flames
from the laser light scattering and extinction measurement. Data for the refractive
indices of soot particles in both the visible and infrared wavelength have been obtained
by a number of investigators (Dalzell & Sarofim, 1969; Bockhorn, Fetting, Meyer,
Reck & Wannemacher, 1981; Lee & Tien, 1981; Charalampopoulos & Felske, 1987).
Various combinations of experimental techniques and data reduction schemes have

been employed and a fairly wide range of indices have been reported.

Dynamic light scattering measurement

To compensate for this complex problem, the dynamic scattering measurement is
being developed to determine the soot particle sizes. This technique measures the
fluctuations intensity in the scattered light signal due to the Brownian motion of the
soot particles. Initially this method was accessible as Diffusion Broadening Spectros-
copy and later, as Photon Correlation Spectroscopy. This method relies on the statisti-
cal study of the fluctuations in time of the light scattered by the particles, and particle
size can be calculated by the total scattered intensity correlation function. Penner, Ber-
nard, and Jerskey (1976a, 1976b) demonstrated the feasibility of this method for soot
particles in C,H 4O, flat flame. Since this method does not strongly depend on the
soot refractive index, more investigation have been made for the soot particle size

measurement (Chowdhury, Sorensen, Taylor, Merklin & Lester, 1984; Lhuissier,
Gouesbet & Weil, 1989).



Chapter 3

EXPERIMENTAL APPARATUS

The objective of the present study is to quantify soot formation and oxidation
rates in a counterflow diffusion flame as a function of temperature, strain rate and fuel
and oxidizer concentrations. These variables are important for characterizing the
diffusion flame. To enable independent control of temperature, fuel and oxidizer con-
centrations and to obtain very low strain rates, a special ceramic burner was con-
structed. In addition, instrumentation is employed to measure temperature, species con-
centrations, and soot field. This burner and instrumentation are described in this

chapter.

Among the equipments, the burner is the most important because the burner will
provide the flame which will be measured by various instruments. The high tempera-
ture axisymmetric counterflow diffusion flame burner was designed and built to meet
the experimental requirements described in section 3.1.1. Design of this burner was
guided by two-dimensional numerical calculations of streamlines and later a full scale
Plexiglass model was tested in sugar water to increase viscosity and to reduce Rey-
nolds number. Further details are provided in the following sections of this chapter and

in appendix A.

Measurement methods are very important in experimental research. Gas composi-
tion, temperature profile, soot, and polycyclic aromatic hydrocarbons (PAH) in
counterflow diffusion flame were measured for the present work. The equipments and

methods are described for each measurement in later sections in chapter 3.
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3.1 Axisymmetric Counterflow Diffusion Flame Burner
3.1.1 Requirements for the Burner Design

A high temperature axisymmetric flat diffusion flame burner was constructed to
establish flames desired to perform experiments. To satisfy the objectives of the
present study, the burner was required to have following capabilities (i) capability of
creating an ideal stagnation point flow over large enough area to guarantee one dimen-
sionality, (ii) capability of delivering a uniform slow velocity flow to enable increase
the reactant residence time as long as possible, (iii) capability of providing large
burner gap to enable increase measurement resolution in the low velocity flow field
without any flame distortions, and (iv) capability of heating fﬁel and oxidizer streams

before injected into the reaction zone.

Several different types of counterflow diffusion flame burners have been used in
flame research. These burners can be divided into two groups (Tsuji, 1982). In the first
group of burners, the flame is established at the interface between a fuel and an oxi-
dizer streams directed each other. A flat axisymmetric diffusion flame is created
between the two gas injectors (Hahn & Wendt, 1981a; Puri & Seshadri, 1987). In the
second group of burners, the flame is established around a porous sphere or a porous
cylinder through which fuel gas is injected into a uniform oxidizer flow (Vandsburger,
Kennedy, & Glassman, 1984; Axelbaum, Law, & Flower, 1988).

Among these two types of counterflow diffusion flame bumers, axisymmetric
counterflow diffusion flame bumer (first group) was chosen to study soot formation,
growth and oxidation, because it provides a flat diffusion flame, which is one-
dimensional in temperature, gas concentrations, and soot fields. Thus, a one-

dimensional mathematical model can be used to analyze the experimental results.

To increase measurement resolution, it is advantageous to expand the reaction
zone by increasing the reactant residence time. This must be accomplished while main-

taining the flow field close to an ideal stagnation point flow. To increase residence
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time, it is necessary to maintain low velocities. However, at low velocities, the
diffusion flame is easily affected by outside or buoyancy disturbances. Thus, it is
desirable to have a burner capable of providing a stable one-dimensional flat diffusion

flame in ideal stagnation point flow at very low velocities of order 10 cm/sec or less.

Reactant residence time can be also increased by enlargement of the burner gap
as well as maintaining low velocities. In the large burner gap with low flow velocities,
the stagnation point flow may be distorted easily by outside disturbance and hence the
flame becomes unstable. Guide flange was designed and constructed for the burner to
provide larger gap without flow distortion and to establish a stable flame. The shapes

of the guide flange are calculated based on the Navier Stokes Equations.

The in-situ measurements of temperature, species concentrations and soot field
should be accomplished for the present study without any disturbances. But the
measuring devices in flame are limited in their sizes. And gas flow rate can be con-
trolled more accurately when the flow rate is larger because of limitation of sonic noz-
zles described in section 4.1. Also, for soot absorption measurements, as well as one-
dimensional, the large diameter of flame (>5 c¢m) is needed. Therefore, the size of

burner and hence the flow rate was required as large as possible.

To enable soot formation study to be executed in different pre-heat temperature,
the burner was required to have capability of pre-heat the fuel and oxidizer streams.
The temperature of the pre-heated gas should be uniform along the radial direction.
For the fuel stream the pre-heat temperature should be lower than the temperature fuel
pyrolyzed. For the oxidizer stream it is desirable as pre-heat temperature as high as

possible to enable increase the average temperature of fuel and oxidizer streams.
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3.1.2 Model Calculations

The primary target of this burner set is to provide a diffusion flame in the ideal
stagnation point flow, and hence one-dimensional flat diffusion flame in the large
burner gap without any disturbances. Most of disturbances in the counterflow diffusion
flame come from the draft flow around the burner gap and from the flow separation

around gas injection tubes.

The flow separation around injection tube may cause temperature short circuit so
that the one-dimensional temperature profile along axial direction can be disturbed.
Also, this flow separation can cause rotating flow, thus, create velocity components in
the radial direction, r, the circumferential direction, ¢, and axial direction, z. This will
make the problem complex. Therefore, it was investigated the shape of the flow guide
flange to create flow pattern close to an ideal stagnation point flow in large burner gap

with low flow velocity.

Due to the lack of literature on the stagnation point flow, the best way to deter-
mine the flow guide flange shape was through experiments. But experiments are so
limited. Therefore, a combination of numerical calculation and experiment was used to

determine the optimized flange shape.

To calculate streamlines, velocity, and pressure field, steady, incompressible
Navier-Stokes equations were employed for the observation area. In the absence of
body forces, the dimensionless axisymmetric equations in the vorticity-stream function

can be written as (Atreya, Lee, and Foss, 1987):

, [ (u ) + (v ) 2

- 2
or 0z ] B Rep Efrw) 3.1

and
EXy)=2ro (3.2)

where r and z are coordinates of radial and axial direction, respectively.  is stream
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function and o is vorticity. Rep is Reynolds number based on the burner throat diame-

ter. The velocity components of r— and z— directions are:

1oy

u= > 2 (3.3a)
= - _l_i‘!!.

v 7 or (3.3b)

respectively. And the operator

Boundary conditions are

y=0 on the stagnation plane and along the z-axis,
y=1 along the flange surface, (34

%\l’— =0 along the inlet and outlet.

The origin of cylindrical coordinate system is fixed to the stagnation point and
Equations (3.1), (3.2), and (3.3) are solved in the domain for different shapes of the
boundary which means the different flange shapes.

Finite difference method was employed for these numerical calculations. Since the
boundaries have irregular shapes, it is necessary to transform the boundaries from a
Cartesian coordinate system to nonorthogonal coordinate system which is fit to the
irregular boundaries. For the calculation, body fitted coordinate system (Thompson,
Thomas, & Mastin, 1974; Thompson, Warsi & Mastin, 1982; Anderson, Tannahil &
Pletcher, 1984) was adopted. This body fitted coordinate system is very useful to
transform various shape of the flange to the Cartesian coordinate system. This transfor-
mation improves accuracy of calculation along the boundaries, and hence reduces

experimental trials.
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Stream lines for three different flange shapes were calculated by the above
numerical methods. Further details of numerical calculation are presented in Appendix
A. Based on the calculation results, the flange shapes were modified and full-scale

Plexiglass burner models were constructed and tested.

3.1.3 Model Testing

A set of full-scale Plexiglass burner models was built to obtain very low Rey-
nolds number flows that correspond to the hot gas flow. A schematic of the experimen-
tal apparatus is shown in Figure 3-1. Water flows from two separate bottles into the
upper and lower parts of the apparatus. The flow rate is controlled by flowing metered
amounts of N, into the water bottles from a pressurized cylinder. Figure 3-2 shows the
test section of this apparatus. Dye is injected into the flow for flow visualization pur-
poses. The various injection ports are also visible in this photograph. Timed photo-
graphs of dye particles are taken to determine the flow velocities. Three different
flange shapes and three different burner gaps were examined along the very low Rey-
nolds numbers. The Reynolds number was varied by changing the flow velocity and
the viscosity of water by adding sugar. Further details of model testing are described
in Appendix A.

Thus, it may be concluded for the burner design that a stable unseparated flow
can be obtained for (i) burner gap of at about 2.54 cm; (ii) Reynolds number of about
30, which corresponds to a hot gas velocity of 3.0 cm/sec; and (iii) ideal inviscid flow
regime extending over diameters as large as 7.62 cm. Based on these investigations,

the burner was designed and constructed.

3.1.4 The Burner Configuration

A burner has been designed to satisfy the requirements mentioned in section

3.1.1. Figure 3.3 shows the schematic of the burner system. The burner system
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Figure 3-2  Photograph of the test section of the Plexiglass model in sugar-water
mixture.

basically consists of two main parts, upper and lower burners. The section views of the
upper and lower parts of the burner are also shown in Figure 3-4 and 3-5. The oxi-
dizer, which is a mixture of an O, and inert (N, or He), is supplied from the upper
part and fuel which is a mixture of fuel and N, is supplied from the lower part of the
burner.

The burners have been constructed in stainless steel housing. There is 2.54 cm
gap between the inner housing and the outer housing (Figure 3-3 through 3-5).
Through this gap inert gas, N, flows to prevent from diffusing the air into the reaction

zone and to dilute the exhaust gas. Also, screen is installed between upper and lower
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parts of burner. This screen is to reduce or to block room air eddies which might be a
cause of disturbance of flame when operator moves around the burner system. On the
screen, an observation window, quartz window, is located to observe the flame and

inside the screen. Through this window, flame is monitored by CCD camera.

The oxidizer supplied by upper part of the burner is heated by passing it through
At a porous ceramic heat exchanger which is located inside of the impervious alumina
ceramic tube. The porosity of the porous ceramic heat exchanger is 80%. The heat
exchanger is made of Zirconia which can stand up to 4000 K. This ceramic heat
exchanger is heated primarily by radiative heat transfer from molybdenum disilicide
heating elements (Super Kanthal 33) which can sustain at maximum temperature of
2100 K in air.

For the present study, the burner system should provide energy enough to heat up
the oxidizer streams up to the desired temperature. To provide axisymmetrical tem-
Perature distribution U-shape of electric heating elements should be arranged properly
in very limited space. These heating elements are not rigid at high temperature. So,
these should be arranged to bend outward by magnetic field force induced by electric
current through themselves. The short circuit at high current will not only provide hot
Spot to break temperature balance but also burn the heating elements. Concerning mag-

netic field force and limited space, the heating elements are arranged shown in Figure

3-6.

The fuel gas supplied by lower part of the bumer is also heated in the same
manner as the oxidizer flow in the upper burner. Chrome-Aluminum-Iron alloy wire
€mbedded in high purity Al1,03 cement is used to heat the ceramic heat exchanger.
For the fuel side the gas pre-heat temperature is lower than the temperature at which

the methane begins to be pyrolyzed.

The upper and lower heating elements assemblies are insulated by a fibrous

Ceramic insulations to reduce heat loss through the cylindrical burner surfaces (refer to
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Figure 3-4 and 3-5). Four cylindrical insulations are nested and ceramic glue, which
can be used up to 2700 K, and 4 pieces of ceramic bars are used to hold all four
nested ceramic insulations. First two layers of insulations from inside are made of a
mixture of 80% Al,05 and 20% SiO, (SALI, Zircar). Next two layers of insulations
are made of 83% Al,0; and 17% SiO, (AL-30, Zircar). The assembly of these insu-
lations is reinforced by galvanized sheet metal. The entire system is housed in a

cylindrical stainless-steel frame.

Cylindrical ceramic honeycomb is used to straighten the gas flow at the end of
the honeycomb. To reduce heat loss by the honeycomb when the hot gas passes
through, it is necessary to measure temperature inside the honeycomb to optimize the
honeycomb length. Figure 3-7 shows the temperature profile inside the honeycomb
along its length. This measurement was performed while the upper burner was at about
1450 K and the lower was at about 900 K. It also shows that most of heat loss takes
place at the outer second half of honeycomb length. This temperature profile shows
that temperature is almost constant up to 11 mm from the inside of the honeycomb.
Temperature drops very quickly after that point. Honeycomb temperature is dominated
by radiative heat transfer from the heat source, which is porous ceramic heat
exchanger. Figure 3-8 shows the relation between honeycomb temperature and view
factor from the heat source surface. This figure shows that the length of uniform tem-
perature depends on the honeycomb cell size. To reduce temperature drop at the end of
the honeycomb, it is necessary to reduce the length of honeycomb. This reduction of
temperature drop along the honeycomb length improves heat loss from the hot gas to

the honeycomb cell. This reduction does not affect the maximum honeycomb tempera-

ture.

It is clear from the observation (Figure 3-8) that there are two conflicting

phenomena with honeycomb length. If the honeycomb length is too short, then the

temperature drop along its length will be reduced but it is unclear whether the gas flow
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Figure 3-7  Measured temperature profile inside the honeycomb along its length.
It also shows the desired temperature for oxidizer stream and the selected
honeycomb length.

is straightened enough at the end of honeycomb. On the other hand, if the honeycomb
length is too long, straightened flows can be achieved easily but it is hard to get tem-

perature desired at the end of honeycomb.

Very limited amount of literature is available on the effect of honeycombs on the
flow (Lumley,1964; 1967; Lochrke & Nagib, 1976). Recall that the gas flows into the
honeycomb after passing through the porous ceramic heat exchanger. Therefore, the
flow contains r- and ¢-direction velocity components. To eliminate the r- and ¢-
direction velocity components and to obtain uniform straightened (z -direction) velocity

flow, the ratio of honeycomb length to cell size should be approximately greater than
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or equal to 10.0 (Loehrke & Nagib, 1976). Based on this restriction and temperature
measurement, 19 mm of length was chosen for the honeycomb cell size of 2 mm x 2

mm (Normal cell density = 100 cells per 6.45 cm?).

The bumer was tested by flow visualization technique after constructed. Air
stream supplied from both upper and lower parts of the burner to establish stagnation
point flow. Titanium tetrachloride  (TiCl ;) was introduced as a tracer into both the air
streams through ceramic tubes which were installed at the center of honeycomb for
flow visualization (Figure 3-3, 3-4, 3-5). Titanium tetrachloride develops dense white
vapor when it is brought in contact with moist air (or gas with small amounts of mois-

ture), as a consequence of the reaction
TiCly + 2H,0 — TiO, + 4HCI 3.5

The most likely particle size of the TiCl 4 vapor is about 1.1 pm (Freymuth, Bank &
Palmer, 1983). And the range of particle size is between 0.5 to 15 um. It is well

known that the particles in this range are following the gas in the laminar flows.

Thin laser light sheet was used to illuminate a cross sectional plane within the
burner gap. Then, the TiCl, vapor injected from small tubes as scatter of the laser
light sheet. Figure 3-9 shows that the flow patterns made by the air streams and visual-
ized with TiCl4 vapor. This photograph confirms that the burner constructed has the
ability to provide an ideal stagnation point flow. It is noted that this stagnation plane is
comparable to the expanding dye ring of model experiment described in Appendix A.

Also, temperature profiles were measured for air stream flows for verifying one-

dimensional flow. To measure temperature profiles the burner have been heated to

maintain an average temperature of 600 K and 900 K in the middle of the burners gap.

1) The relevant properties of TiCl 4: It is nonflamable and nonexplosive, but it reacts strong-

ly with water. Density = 1.722 g/ml at 25° C, Molecular weight = 189.71, Freezing point =
-24° C.
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Figure 3-9  Photograph of flow visualization of air steam in the gap between the upper
and the lower part of the burner using TiCl, fume. It shows streamlines
and stagnation plane clearly.

Figure 3-10 shows typical temperature profiles in radial-direction with and without
flame at 900 K pre-heat condition. Here 0.0 on x-axis stands for center of the burner.
The temperature deviation with flame is larger than that without flame. The tempera-
ture deviation with the flame is about + 20° C, and that without the flame is about *
10° C. The values are present the error range in the r-direction temperature is less than
about + 1 % of average temperature.

oy

Te profiles in

ion for the air streams were also measured. Fig-
ures 3-11 show the temperature profiles for 600 K and 900 K pre-heat conditions. For

comparison these measured temperature profiles were nondimensionalized by:
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Figure 3-10  Typical temperature profile in radial-direction with and without flame at
900 K pre-heat condition.

. _ T@z) - Ty 3.6)
Thigh = Tipw
R (3.7)
Zhigh — Zlow

where, Th;pp is 99 % value of the oxidizer side air temperature at nozzle, Tj,,, is 1 %
higher value of the fuel side air temperature at nozzle, zj;,, and z,, are the locations
of Thigy and Ty, , respectively. In Figure 3-12, these nondimensionalized temperature
profiles plotted against nondimensionalized coordinate. These profiles are well fitted
each other. These temperature profile measurements for pre-heat air streams showed

that the burner system can provide well defined temperature profiles as a conserved

quantity.
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In summary, these flow visualization experiment and the temperature measure-
ments showed that the burner system, as designed, has capability of providing ideal
stagnation point flow. Also nearly uniform temperature in r—direction (over 4cm in
diameter) is possible. This confirms that temperature and soot field are function only of
coordinate normal to the flame. This burner system can heat fuel up to about 600 K in
lower part and oxidizer over 1200 K in upper part of the bumner. The radial tempera-
ture profile confirmed that the flange designed no circulation to propagate in the flame

zone.

3.1.5 Effect of Buoyancy

As discussed in section 3.1.1, to increase measurement resolution, it is necessary
to design the burner to be capable to provide large reactant residence time. Low flow
speeds and large burner gaps were used for this purpose. At low speeds and large
burner gaps is expected to significantly distort the flow field. This effect was examined
based on the Tsuji’s data (1982). Figure 3-13 shows that the stable species concentra-
tions in a CH y/air counterflow diffusion flame. Based on this set of data and tempera-
ture profile, density profile was obtained. The density profile for this flame is shown in
Figure 3-14. The solid line in this figure shows the density profile obtained from meas-

ured species concentrations and measured temperature.

The density profile shows that the density of air side is larger then that of fuel
side. This can be cause of distortion of the flame when air flow is supplied above the
fuel flow, because of reverse buoyancy in the burner system. For the present study, as
mentioned above, the oxidizer was supplied from the upper part and the fuel was sup-
plied from lower part of the bumner. This can be serious problem to establish a stable
flame at room temperature (without pre-heating). For the higher per-heat conditions

(900 K, and 1200 K), the density of oxidizer is reduced by higher pre-heat temperature

than fuel pre-heat temperature.
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For room temperature experiments, helium gas was used as diluent of oxygen for
oxidizer stream instead of nitrogen. This reduces the density of oxidizer stream enough
to correct the reverse buoyancy problem. This effect is shown in Figure 3-14 by the
dashed curve. The switch of oxygen diluent from nitrogen gas to helium gas made a

big improvements and the flame stable.

3.1.6 Burner Mounting

Figure 3-15 shows the burner system assembly and its mounting. The upper and
lower burners should be aligned to provide ideal stagnation point flow between the
upper and lower parts of burner. Also, the gap between the upper and lower parts of
the burner should be adjustable. For these purpose the upper part of burner was
mounted on a (x, y, z) traverse which was attached on the steel pipe frame of bumner
system. So, the upper part can be movable in any direction to adjust its relative loca-
tion to the lower part of the burner. The upper part can be adjusted within 0.0254 mm
in x and y directions.

This traverse does not provide a movement to adjust upper part parallel to the
lower part. For adjusting the upper part to be parallel to the lower part of burner or to
horizontal surface, an aluminum disk was installed between the upper part of burner
and the traverse. The upper part of bumner is hung by 4 legs from this aluminum disk.

The lengths of these 4 legs can be adjusted to set the upper part of burner horizontally.

This burner (both the upper and the lower parts) is sitting on the traverse struc-
ture. This traverse can adjust the location of the observation area (the gap between the
upper and the lower parts of the burner) from the laser beam position which is fixed
on the global coordinate system (X, Y, Z). This traverse has capability of moving the
burner with 0.0254 mm span in X, Y, and Z- direction.

One more traverse was used to control the measuring probe location based on the

flame or stagnation plane location. This traverse can be located any place for
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convenience to use various measuring probes such as thermocouple probes, location
indicators, or gas sampling microprobe. This traverse can control x, y, and z-direction
and the angle of depression or elevation. This traverse for the probes has capability of
moving with 0.0254 mm span in x, y, z- direction and 1.0° of angle scale. Figure 3-16

shows the photograph of this traverse for probes.

Figure 3-16  Photograph of a traverse used for the measuring probes.

3.1.7 Summary of The Burner Construction

An axisymmetric counterflow diffusion flame burner was designed, constructed

and tested as a tool for soot formation, growth and oxidation in diffusion flame. For
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the stagnation point flow configuration, the flange shape was chosen from numerical
and experimental investigations. Also, it was verified by TiCl 4 fume visualization tech-

nique (Figure 3-9).

The temperature measurement results (Figures 3-11 and 3-12) show that the
burner system is not disturbed from circulation or room air eddies. Also the radial tem-
perature profile (Figure 3-10) shows that the temperature profile is one-dimensional

within £ 0.5 % error of average temperature at the measuring location.

For pre-heat conditions, the density of fuel side is always larger than oxidizer
side. For room temperature experiment (300 K flame) case, density of fuel stream is
smaller than that of oxidizer mixture when O, is diluted by N,. This reversed density
distorts the streamline significantly and make the flame unstable. This problem was

solved if helium gas, instead of nitrogen, is used as a diluent of O, in oxidizer stream.

To conclude, the above investigation made it possible to design and to build a
high temperature and a large residence time counterflow diffusion flame burner. Then,
the burner was tested. The main advantage of this burner system is that flame, esta-
blished in nearly stagnation point flow at the bumner gap, has one-dimensional
configuration in temperature, species concentrations, and soot field, and hence in its
receptivity to analysis. This burner system is also capable to provide stable and large
diameter (~ 7.0 cm) flames at low strain rate flow (~ 3.0 cm/sec) in large observation

area (the gap between the upper and the lower parts of the burner).
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3.2 Gas Sampling System and Composition Measurement

Gas analysis of flames is useful to understand not only chemical process of flame
but also sooting history in diffusion flames. Basically the gas analysis gives species
concentration profiles which may give the insight of chemical kinetics of flame. This
species concentration profile with temperature profile can be used to calculate velocity

profile and heat release rate.

Combustion products can be divided into two categories of gases: stable gases
and hydrocarbons. The stable gases are main combustion products like H,, CO,, CO,
and H,O and gases supplied as fuel and oxidizer such as CH4, O,, N, and He.
Hydrocarbons are the species mainly composed of C and H from the fuel. Usually, to
measure these gas concentrations, two methods are used: Probe sampling followed by
chromatogram analysis, or in-situ analysis by spectroscopic means. For the present
study, the probe sampling method was used to measure species profile across the

flame.

Measurement of the stable species and hydrocarbons was accomplished by use of
sampling probe, sampling system, and gas chromatograph. Gas was sampled by
microprobe made of quartz in diffusion flame. This sampled gas was stored in two
sample loops, which are for stable gas and hydrocarbon analysis, in sampling system.
These stored sample gases were analyzed by gas chromatograph. This gas sampling
and analysis system is shown in Figure 3-17. Detailed descriptions for each of the
species measurements of the sampling probe, sampling system, gas chromatograph and

measuring techniques are explained below.

3.2.1 The Sampling Probe

To sample gas, a sampling probe made of quartz was inserted into diffusion
flame. This sampling probe is a device directly contacted with flame. The sample gas

is taken at the tip of this sampling probe. For the flame application there are a number
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of problems which may come from the insertion of the sampling probe in the flame.

Earlier, Fristrom, Prescott, and Grunfelder (1957) examined the problems which
may be induced from insertion of sampling probe into the flame or the reactive flow.
The problem from the effects of probe in the flame is very complex. The effect of a
probe in a flame can be categorized into three, such as aecrodynamic, thermal, and cata-
lytic effects. In any reason due to those three effects, this sampling probe should be as

small as possible in outside diameter of the probe.

Problems of probe aerodynamics are from internal and external flow. The problem
from external flow is the flow disturbance by microprobe itself and the distortion of
flow by sample withdrawal. For reducing the flow disturbance problem, the probe
shape was designed to minimize disturbance of flame. To improve the flow distortion
by sample withdrawal, the sampling rate was optimized based on the microprobe size

and critical pressure at the tip of microprobe.

The problem from internal flow of the probe is quenching efficiency of the probe.
To freeze reaction at the point of sampling in the flame, it is necessary for the
microprobe to have a capability of extremely short quenching time because, in general,
half life of reaction is about S00 psec. This short time quenching can be achieved by

rapid adiabatic expansion followed by cooling.

By inserting the microprobe in the flame, the gas temperature around the
microprobe may decrease enough to affect the thermal diffusion of reactive species.
That is, from the temperature disturbance, reactive species may diffuse to the sampling
region. This thermal diffusion of reactive species may cause of losing the accuracy of

species measurement.

One of the main effects of probe in the flame is the catalytic effect by the probe
surface. This effect can be of two opposing types which are a negative catalytic effect
or a positive catalytic effect. The first one may be important when the probe is much
cooler than the surrounding gas. This effect usually happens when the microprobe is
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water cooled. Positive catalytic effect can be serious problem when the reaction is

accelerated by probe surface material.

From the above investigation, the sampling probe must meet the following cri-
teria: (i) minimize the disturbances by it in the flame, (ii) provide rapid decompression
and withdrawal of sample to a cool region outside of the flame in order to freeze the
reactions, (iii) withdraw the amount of sample required by the analytical instrument in
a short time, (iv) minimize the thermal effect around the probe, (v) withdraw sample
without catalytic reaction on the surface of the probe, and (iv) provide the desired spa-

tial resolution.

Most of these problems can be solved by the use of a very fine microprobe made
of quartz. This quartz microprobe was designed such that the pressure drop across the
orifice, which is inlet of the probe, becomes the critical pressure ratio. Thus the sam-
pling mass flow rate depends only on the area of orifice of the probe, and the pressure

and temperature within the flame.

The problem of the external flow distortion by inserting microprobe into the reac-
tive stream has been studied by Smith (1981). This study concluded that the external
flow distortions can be reduced by reducing inclined angle of microprobe tip and sam-
ple size. The limitation of the angle (half angle of the cone) is about 20° at 103 Pa, or
about 10° at 104 Pa. For the present study, the microprobe is made with half angle of

about 15°. Also to reduce this kind of flow distortion low sampling rate was chosen.

Fristrom (1983), recently suggested that successful flame sampling does not
depend on a rapid temperature drop but, rather, a combination of rapid pressure drop
with destruction of radicals on the probe walls. For this method the pressure drop
should be large enough to freeze the reaction within time much shorter than the half

life of reaction. The sonic orifice of the probe was used for this purpose.

From the isentropic expansion theory, one can calculate the sample temperature at

the just inside of microprobe. This quenching process is most important requirement
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for the microprobe because the reaction should be frozen immediately after taken. As
mentioned above, very low sample flow and very low pressure inside the probe
reduces the reaction rate significantly. But the half life of reaction is about 500 psec so
the reduction of pressure is necessary as quick as possible. The microprobe was
designed to be sonic orifice and it satisfies the quenching criteria. And it is noted that
the time to reduce the pressure is extremely short because it can be accomplished just

across the thin shock wave.

For thermal and catalytic effects, quartz probe is one of the best sampling probe.
Quartz has a very low emissivity (€ ~ 0.02, Fristrom & Westenberg, 1965), so that the
quartz probe temperature at the position of 2000 K in the flame is about 20 K less.
Also, quartz is known to have very low activity even in high temperature. Therefore, a
quartz microprobe would probably have little or no effects on the thermal disturbance

and catalytic effect.

Since the flame is characterized by steep concentration gradient, the flow pertur-
bation set up by the sample withdrawal would be expected to alter the original gra-
dients and thus the composition of the gas entering the probe. Westenberg, Raezer and
Fristrom (1957) examined this problem both theoretically and experimentally. This
study shows that the concentration gradient effect is insignificant for the quartz
microprobe sampling procedure.

It becomes clear that the probe should be as small as possible to increase quench-
ing effect and spatial resolution. On the other hand, the orifice inlet diameter has to be
large enough not to be clogged by the soot particles easily and not to take too long to
take a sample from the flame. Figure 3-18 shows the design of microprobe used for
the present study. Two different orifice sizes (70 and 90 wn) were used to sample gas
from diffusion flame. Through these sonic orifices, the gas flows less than 5.0 pg/sec
or less than 4 pl/sec. This flow rate small enough not to distort the stream lines in

counterflow diffusion flame. The sizes of two sample loops are 250 ul for stable
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species and 25 pl for hydrocarbons. For these two sample loops 100 seconds are
enough to fill. But most sampling time was used to get low pressure enough to be
sonic condition at the orifice. The sampling time was about 12 minutes, for 10 minutes
to reach sonic condition at the orifice and for 2 minutes to store the sampled gas. The
disturbances by sample withdrawal with such a probe was checked by visually. Figure

3-19 shows the microprobe in a diffusion flame without disturbance.

To prevent from the species condensation on the inside wall of quartz
microprobe, the stem of the probe was heated by the electric heating wire wound
around the microprobe stem. This quartz microprobe was attached on the fine

traverse(see Section 3.1.6) to be located at accurate position.

3.2.2 Sampling system and sampling procedure

Sampling system consists of compressing coil, sample loops, vacuum pump,
valves, and plumbings. The sampling procedure is described in this section. While
describing the procedure, main components of system like, compressing coil, sample

loop, and vacuum pump, which are shown in Figure 3-17, are described.

Before starting sample gas, the whole sampling system was cleaned by helium
gas to reduce the sampling error. Cleaning was started from the microprobe. Setting
V4 on compressing position isolates the microprobe from the system. After isolating
the microprobe, helium gas pushes any residual out from the microprobe by opening
V3 for about two minutes. Compressing position of V4 also connects the system to the
helium gas to flush the tubes of sampling system. For cleaning sample loops and tubes,
another three position valve (V5) is open, and separates from vacuum pump by closing
V7. Then, open V6 to vent the helium gas out to the atmosphere. The system needs to
clean at least for two minutes. These two cleaning procedures are needed before with-

drawing any sample gas from the flame.
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Figure 3-19  Photograph of quartz microprobe in a flame. No evidence is shown that
the flame is distorted by the microprobe in the flame.

After cleaning the whole system, calibration gas was injected to check the calibra-
tion factors, system and columns in gas chromatograph. For this calibration procedure,
V1 and V5 were close to separate injection port from helium gas and open V2 for cali-
bration gas injection port to be connected to the system. Then stable species calibration
8as was injected into the injection port. Then the analysis for stable species calibra-
tion gas was started. While analyzing calibration gas, another calibration gas for

hydrocarbon is injected to be stored in a hydrocarbon sample loop after clean tubes

and sample loops.
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After started the analysis for stable species calibration gas, microprobe was
located at the position where next sample gas would be withdrawn. Turned on vacuum
pump, then waited until vacuum gauge (G2) indicates about -730 mm Hg. After 10 port
valve I (10 PV I) position returned to the sampling position (it automatically returns to
sampling position about 1 minute after starting analysis) and the sample loop for
hydrocarbon was changed to next loop, microprobe connected to sampling system by
changing position V4 and V5. It was then, started to withdraw gas sample by closing
V6 and opening V7. This sampling will last at least 12 minutes. It takes about 10
minutes to reach sonic condition at the orifice of the microprobe and about 2 minutes

is needed to fill the whole sampling system by the sampled gas from the flame.

At this point the pressure of the sampled gas is about -720 mmHg and it is
needed to be pressurized to reach an atmospheric pressure. If a sample gas is injected
at low pressure compared with that of carrier gas, the large pressure difference will
cause an undesired injection peak and hence loss of measuring accuracy. Large volume
of sample loops are also required to store sample gas at low pressure. And a possibil-
ity of the outside air pass through into the loops or the tubes is raised. It is also found
that it is difficult to inject a low pressure sample gas through the injector of gas

chromatograph.

So, the sampled gas was compressed by helium gas. To pressurize the sample
gas, close V7 and change V4 to compressing position. Then the sampled gas will be
compressed by helium gas preset at slightly higher then atmospheric pressure. To
release this excessive pressure, after pressurize the sample gas, open V6 to release
excessively pressure and to reach the sampled gas pressure atmospheric. This atmos-
pheric pressure of the sample gas was stored in a 250 pl sample loop for stable species

analysis and a 25 pl sample loop for hydrocarbons analysis.

These sample gases in sample loops were ready to be analyzed. There is a 250 pl

sample loop to store gas sample for stable species analysis. So, stable species analysis
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started immediately after withdrawing each sample gas. And sampling process contin-
ued to withdraw next sample gas during the stable species was analyzed. For hydro-
carbon analysis, 16 of 25 pl sample loops are installed on the multiposition valve.
Sample gases from different locations were stored in 13 sample loops and in the first
and 15" loops, hydrocarbon calibration gas was stored. And last loops was used to
clean the system before running hydrocarbon analysis. The process for analyzing stable

species and hydrocarbon will be discussed in next section.

3.2.3 Species Analysis -- Gas Chromatograph

Gas chromatograph is a device to analyze concentration of various gases in a
mixture. The most important parts of a gas chromatograph are columns and detectors.
The primary purpose of column is to separate gases from the injected mixture. The
detector is a device which indicates gas kind and measures amount of separated com-

ponents in the mixture.

The basis for gas chromatograph separation is the distribution of a sample
between two phases. One of these phases is a stationary bed of large surface area, and
the other phase is a gas which perchlorates through the stationary bed. This stationary
bed is contained in a column. The gas to be separated (sample gas) is carried through
the column by the carrier gas. For the present study, helium gas was used for stable

species analysis and hydrogen was used for hydrocarbon analysis.

The column is the heart of the chromatograph. The actual separation of the sam-
ple gas is achieved in the column. The sample gas is introduced into the column by
the carrier gas. Then selective components in sample gas are adsorbed on the surface
of the stationary bed in the column. According to this adsorptive property, the com-
ponent stays in the column for a certain period (residence time). The selective com-

ponents of sample gas are separated by this different residence time.
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Column length and carrier gas velocity are important factors to separate the selec-
tive components from the sample gas. Column length varies from a few inches to
more than 50 feet. Longer length gives more theoretical plate and resolution. The car-
rier gas velocity can be optimized with column length by experimentally. The most
efficient carrier gas flow rate is at the minimum of Height Equivalent to a Theoretical
Plate (HETP) or a maximum plate (McNair & Bonell, 1969). HETP can be calculated
by L/N. Here L is the column length and N is 16 (x/y )2, where y is the distance of
two baselines cut by two tangents of the peak curve, and x is the distance from injec-

tion to peak maximum (retention time).

Temperature of analysis system specially, injection port and column, is also
important to separate gases from the mixture and to reduce analysis time. The tempera-
ture should be higher than condensation temperature of the sample gas and lower than
the thermal decomposition temperature of the sample gas. Column temperature changes
the selective component residence time and hence retention time. For the present study,
column temperature varied during the analysis, so that the gas analysis was accom-
plished in a reasonable time. This temperature programming is described later this sec-
tion in detail.

Chromatograph has several advantages for analysis of gas from flames: (1) High
sensitivity to separate sample gas components, (2) High sensitivity to extremely small

amount of species in sample gas with proper detector, (3) Analytical accuracy (1 to 2

%), and (4) Small sample size.

Choosing the proper column is extremely important to analyze the combustion
Products. For stable species analysis, two columns were used to separate major species
from the counterflow diffusion flames. To separate water vapor from the sample gas,
MolSieve 5A column was used. Porapak S column separates other stable species such
as H,, CO, CO, Ny, O,, and CH,. These two columns were installed in series on

the 10 port valve I (Figure 3-20). Since the Porapak S column can be destroyed by
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water vapor, the system was designed such that water vapor is separated before the

sample gas reaches the Porapak S column.

Figure 3-20 shows stable species analysis procedure. Analysis started by switch-
ing 10 port valve to operating position. Then the carrier gas (helium) pushed the sam-
ple gas from the sample loop to MolSieve SA column (Figure 3-20 (b)). Moisture in
sample gas is adsorbed by MolSieve SA column and stayed in the column while the
other species were moved into Porapak S column by carrier gas (Figure 3-20 (c)). This
lasts for 0.93 minutes. After 0.93 minutes, the 10 PV I position switched back and the
direction of carrier gas flow reversed. Then all stable species except water vapor
separated in Porapak S column flow back into MolSieve SA column. And H,O
bypassed. Then, water vapor joined to these separated species and all separated stable
species entered the detector. For this process, the temperature of inside the oven which
contains the columns was programmed. First two minutes the oven temperature was
maintained at 70 ° C. Then the temperature started to rise at rate 20 ° C/min until it
became 130 ° C. This oven temperature was maintained until the analysis was com-
pleted. The amounts of these all separated species were measured by a hot wire detec-

tor (HWD or Thermal conductivity detector, TCD).

Figure 3-21 is a test gas chromatogram for Porapak S and MolSieve SA columns
used for the analysis of stable species. For this test, calibration gas was used after con-
ditioning columns at 190° C for 9 hours. And HWD was used to detect the separated

species from calibration gas. On this test chromatogram, injection time (BGN) and

retention time of each species are shown.

For hydrocarbon measurement, a capillary column was used. A wide bore Al,0,/
Kl capillary column was installed with a multi-position valve which has 16 sample
loops. The volume of these sample loops is 25 pl. This type of aluminum oxide
1:‘omus-Laycr Open-Tubular (PLOT) column (de Zeeuw, de Nijs & Henrich, 1987)
Which is deactivated with potassium chloride (KCl) can be used for analysis of C; to
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(a) sampling position MolSieve SA

B

carrier gas [ i -

(b) right after switch position to run analysis

MolSieve 5A

R

sample loop

TCD

sample gas [E—

Figure 3-20 10 port valve positions for the stable species analysis. (a) sampling
position, (b) Right after switch the position to run analysis, (c) First one
minute of analysis, and (d) Final position of analysis.
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MolSieve SA

(c) first one minute of analysis

Fre s,

e connected lines
line with sample gas

All seaprated species except H20
sample gas
All separated species

Figure 3-20 continued
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Co- It has much better resolution and shorter analysis time as compared with the
packed column. Also this column can be used with temperature programming up to
200° C to separate light hydrocarbons properly. These capabilities give variety of
methods of hydrocarbon measurement.

Figure 3-22 (a) and (b) show the procedure of the hydrocarbon analysis. For this
Al,04/KCI capillary column, H, gas was used as a carrier gas. Sample gas was stored
in one of the 16 sample loops of multi-position valve while stable gas was analyzed
(Figure 3-22 (a)). After taking 15 samples including two calibration gas, the system
was cleaned by flowing helium gas through the empty sample loop (16" loop). The
analysis for hydrocarbons started by changing the 10 port valve II (10 PV II) to
analysis position. Then the carrier gas pushes the sample gas to the Al,03/KCl capil-
lary column to separate the hydrocarbons (Figure 3-22 (b)).

For this hydrocarbon analysis, the Al,03/KCIl capillary column temperature was
varied by changing oven temperature. The oven temperature is 40 ° C when the sam-
ple gas is introduced into the column. The oven temperature is increased at the rate of
5 ° C/min up to 200 ° C. Then the oven temperature is maintained constant at 200 ° C

until the analysis is completed.

The separated hydrocarbons were introduced into the detector. For the hydrocar-
bon, flame ionization detector (FID) was used. The FID detector operates on the prin-
ciple that the electrical conductivity of a gas is directly proportional to the concentra-
tion of charged particles within the gas. The effluent gas from the column is mixed
with hydrogen and burned in the air. Ions and electrons formed in the flame enter the
electrode gap, decrease the gap resistance, thus permitting a current to flow in the
external circuit. This electric current is recorded on the chart record. Figure 3-23 is a

test chromatogram of hydrocarbon analysis using Al,O 4/KCl capillary column and
FID detector.
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3.3 Soot Field Measurements

Soot field was measured using in-situ optical measurement techniques. Optical
measurement system was designed and built for three different measurements. The soot
particle volume fraction, particle size and number density were determined by laser
light scattering and extinction measurement. For measuring soot particle size, dynamic
laser light scattering measurement system was used. Polycyclic aromatic hydrocarbon
(PAH) also plays an important role in soot formation and oxidation in diffusion flame.
And laser induced fluorescence (LIF) intensity was used as an indicator of PAH con-
centration. In this section, laser light scattering and extinction technique and LIF meas-
urement methods are described. Dynamic laser light scattering measurement method is

explained in Appendix C.

3.3.1 Laser Light Soot Particle Measurements

Quantitative point-wise measurements of the amount of soot produced and oxi-
dized in the counterflow diffusion flame was at the heart of this study. Thus, consider-
able effort was devoted to designing instrumentation for this purpose. Two different
techniques, which are classical and dynamic light scattering, based on two different
physical principles were employed.

Basically, three length scales are interest for this measurement. These are: (i) the
soot particle diameter (D) which varies roughly from 1 to 150 nm, (ii) light
wavelength of the laser used for the measurements (A = 514.5 nm), and (iii) the gas
molecular mean free path at pressure and temperature under consideration (/,, = 50
nm). Scattering behavior of the particle may be divided into two regimes by the first
two length scales (D and A). When D = A (Mie regime), Mie theory predicts that
intensity of light scattered by particle varies along the scattering angle. In this regime,
a single extinction and two scattering measurements at different scattering angles are

needed to determine the soot particle size, volume fraction, and particle number
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density assuming size distribution function with given the complex refractive index of
the soot particles. When D « A (Rayleigh regime), Rayleigh approximation of the
Mie theory holds and the scattered light is no longer a function of the scattering angle.
The width of the distribution and the volume fraction can then be obtained from

extinction and a scattering measurements.

For the present study, the size of soot particles in the counterflow diffusion flame
is in the range between 1 and 150 nm and the laser light wavelength was 514.5 nm.
So, the parameters for soot particles were calculated basically based on the Rayleigh
approximation. Apparatus and the theory for the light scattering and extinction meas-

urement technique are described in following sections.

a. Optical measurement apparatus

A schematic of the optical apparatus is shown in Figure 3-24 and its arrangement
relative to the burner and the gas chromatograph is shown in Figure 3-25. A 3 Watt
Ar-ion laser (LEXEL Model 95) was used as the light source for these experiments.
This laser has high stability of amplitude and frequency which are essential for light
scattering measurements. This laser produces multiline laser of 6 different wavelengths
such as: 514.5, 501.7, 496.5, 488.0, 476.5, and 457.9 nm. But for the present study,
only one wavelength is requires. This is achieved by a prism wavelength selector
which is installed in the laser head. 514.5 nm wavelength at the TEM ,, mode was
used for laser light scattering and extinction measurement. In this laser head, laser light

is highly polarized in the vertical plane. So, for the present study, polarizer was not

used to polarize the laser beam.

The vertically polarized laser beam was chopped by a chopper (Figure 3- 24) and
lock-in detection optics was also used to measure pure light intensity scattered by soot
particles without background radiation from the flame. The incident beam was then

focused by a collimating lens into the center of the burner to obtain high intensity in
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the scattering volume. The focal length of this lens 300 mm and it was determined by

the burner geometry.

As shown in Figure 3-24, two simultaneous measurements were made on the
detection side of the optics. These are: (i) light extinction measurements of the
transmitted beam, and (ii) classical light scattering measurements at 90° scattering
angle from the transmitted beam. Lock-in amplifiers (LA) were used for both the clas-
sical light scattering and extinction measurements to eliminate background radiation
from the flame. Continuous analog signals from the photo-multiplier tube and photo-
diode were converted to digital signals by analog-to-digital converter and collected a

computer.

Extinction measurements of the transmitted beam cover a wide range because of
the long path length through the flame. The light intensity to be detected ranges from
approximately the incident light level to several orders of magnitude smaller for the
heavily sooting case. Thus, a photodiode (PD) which is linear over 11 decades together
with a set of neutral density filters (NDF) was used for these measurements. Here NDF
is used to reduce light intensity without significant change in chromatocity. For the
present study, the optical density of NDF was 3.0 which means the light intensity

reduces 1000 times of incoming light intensity.

The detection optics for classical light scattering measurements was designed with
a magnification of unity, which is optimal for symmetrical bi-convex lens. The focal
length of the lens was selected to maximize the solid angle for collecting the scattered
signal. 150 mm focal length was used for the system. However, the choice was limited
by the burmer geometry. The solid angle is controlled by the 3 mm diameter aperture
in front of the lens. The scattered light at 90° was polarized by a high transmittance
polarizer and filtered by a narrow band line filter (centered at 514.5 nm and 1 nm
band width) prior to admitting into a photomultiplier tube (PMT). The signal from this
PMT was amplified by LA and collected by the computer.
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laser head

pin hole line filter quartz tu

chopper |

pin hole —|—

correlator

computer

PMT : photomultiplier tube

PD : photodiod detector

PAD : pulse amlifier discriminator
LA1, LA2 : lock-in amplifiers

Figure 3-24 Schematic of the laser light scattering and extinction system
and dynamic scattering measurement system.
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Figure 3-25  Schematic of arrangement of experimental apparatus.
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b. Light Scattering and Extinction Theory

Mie Theory

The theory of light scattering and extinction is well established by Van de Hulst
(1957) and Kerker (1969). It is introduced here only to an extent necessary for eluci-
dating the evaluation procedure of the measurements. The concept of the light scatter-
ing and extinction technique is shown schematically in Figure 3-26. The incident laser
light is monochromatic with a wavelength A and intensity I. It is also linearly polar-
ized. For the present study, the incident beam was vertically polarized. It means that
the electric field of incident beam oscillates in a plane perpendicular to the scattering
plane, which is defined by the directions of the incident and scattered beams. The
measured quantity is the monochromatic energy flux of scattered light and of non-

absorbed light by soot in the flame. The monochromatic energy flux F () is given by
F®©)=0 Iy AV AQ (3.8)

where AV is the scattering volume and AQ is the solid angle aperture of the detecting
system. The monochromatic scattering coefficient, Q is the monochromatic energy flux
Scattered at an angle © per unit solid angle from a unit volume for unit incident energy

flux. This quantity Q can be obtained from the experimental data by means of a cali-

bration procedure.

The approach from the Lorentz-Mie theory to the scattering coefficient based on
the coordinate system, which is shown in the Figure 3-27, yields
x2
Q=7 [Gu+in sin?¢ + (igy + igg) cos?] N (3.9)
where ¢ is the angle measured from the vertical axis, x to the scattering detector posi-

tion. i;;’s are scattering functions which are derived from the squares of the amplitude

functons of the scattering matrix:



69

extinction volume

scattering volume

=1

extinction detector

light source H-pol.

V-pol.

lens

scattering detector

Figure 3-26 Schematic of laser light scattering measurement.

lu =| S‘}l 2 (3.10)
The amplitude functions are expressed by infinite convergent series. For isotropic

homogeneous spheres, they can be written as:

- 2n +1

= _1\n+l

Sn= ’El nn+ D) [a, T, (cosB) + b,T,(cosB)] (-1) (3.11)
- 2n+1 iynel

Sy = ,.En FICESY) [a,,(cosB) + b, 6, (cos)] (1) (3.12)

and off diagonal terms of scattering matrix, S, and S,; are zero. For the convenience,

change notations from S; to S;. S; and S, are dimensionless, complex amplitude
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functions related to the components polarized perpendicular and parallel, respectively,
to the scattering plane. In Equations (3.11) and (3.12), a, and b, are the Mie
coefficients which are solely dependent on the size parameter oo =D /A and the

refractive indices m = n — ik of the particles. a, and b, are given by:

_ V@Y (B) = my, B, ()

= 3-13
= OV, (B) - my, B (@) (3-13)
my, (W, (B) - v, BV, ()
b, = 3-14
" G (@Y (B) = Ya B (@) (3-14)
where

B=ma,

1
w,,(z)=[%]21 @)

n+-§
1
2

= | Rz @
Ca(2) [2} H™\ (@)
2
here, J 1@ is the half integral order Bessel function and H (i)l (z) is the half
n+— n+—
2 2
integral order Hankel function of second kind.

Also the angular functions are given by:

P,D(cosH)

%, (cosB) = prers

1, (cos8) = %Pn(l)(cose)

where P,)(cos6) is the associated Legendre polynomial.

These coefficients and the scattering angle dependent functions &, and 1, are
generally computed by means of recursive formulae. Using these equations and elec-

tromagnetic theory, scattering coefficient can be determined by [Mie (1908)]:
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incident beam

Figure 3-27 Coordinate system of laser light scattering system

2 oo
Qsca = ) Z(zn + 1)[! anl 2 +' bnl 2] (3-15)
o® =i
Then, scattering cross section may be written as:

2 oo
Coa = 2= S 0n + 1)[! a,| 2+ by 2] (3-16)
2 3

Another Quantity measured is extinction coefficient, Q,, which can also be

delivered from the fundamental extinction theory and Lorentz-Mie theory:

Qus = 2 32 + DRe(a, +b,) (3-17)
o

n=l
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The extinction cross section C,,, is given as:
_M 2
Cou = 3— 2 (2n + 1) Re(a, +b,) (3-18)

This quantity is, also, given by Lambert-Beer’s law (decay law) as:

1 _ L
1= exp{- J,, Qens )ds} (3-19)

The sizes of scatterers are usually not uniform, so it is useful to use their mean
values. To calculate mean values of the quantities introduced above, the relative fre-
quency of occurrence of the various sizes in population may be expressed by the size
distribution function, P (D) which is defined as:

D,
p(D,<D <Dz)=fD P(D) dD (3-20)

where the left hand side represents the probability of occurrence of diameters in the
range between D; and D,. Undoubtedly, the best known distribution function is the
normal distribution function. But a normal distribution function can not represent a dis-
tribution of particle size because it admits negative values of D . In addition, unlike the
symmetrical normal distribution, naturally occurring populations are frequently posi-
tively skewed. A satisfactory representative of many such populations is the loga-
rithmic normal distribution. A generalized logarithmic distribution function is

represented by:

P,(D)=

1
exo| - 3-21

Espencsheid, Kerker, & Matijevic (1964) suggested zero® order (n = 0) for works
such as particle sizing with light scattering measurements. The zero™ order loga-
rithmic distribution function, then can be derived as normalizing Equation (3-21), and

can be written as :
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1
‘I—ZE (o)} DM cxp[ 03/2]

InD -mo,,,}z
P(D) =

exp| - (3-22)

20}
It is defined by two parameters, D,,, which is the modal value of D, and 6, which
is a measurement of the width and the skewness of the distribution. o is related to the
standard deviation in a manner which will be turned the zero®* order logarithmic stan-

dard deviation.

Since soot particles in the flames are not uniform, the optical properties should be
recalculated with size distribution function. As mentioned above, scattering coefficients
and extinction coefficient are expressed by infinite series. For the small particles, it is
useful to use Rayleigh approximation, while nonlinear regression algorithm of Mie

theory is useful for larger particles.

Rayleigh Approximation

When particle sizes are small compared with the wavelength of light (D <), all
terms but the first in the Mie series are small and Rayleigh approximation can be used.

The mean scattering coefficient is given from Rayleigh approximation as:

Qw=@ %]4"’!;”(0)0%0 (3-23)
where
2 _ 2
Fim) = :2+;
and
Oy = l‘; E(m) N I“P(D) D? dD (3-24)
0
where

m?-1
E(m)=—Im[ m2+2]
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where the Io P(D) D" dD are n'** moments of particle size distribution P (D). The

subscription vv denotes the polarization direction of scattered and incident light,

respectively.

A generalized mean diameter or moment ratio is useful for calculations of soot

particle parameters and is defined by

- 1 p—q)
|, P@)DP dD
D,y = |— (3-25)
jO P(D)D? dD
L

e

Thus, the particle volume fraction can be calculated with this generalized diameter as:

fo =g N D3 (3-26)
or
— wm
fv= REMm) (3-27)

The particle diameter obtained from the ratio of Equations (3-23) and (3-24) is
the sixth to third moment ratio D 4;. The diameter D ¢; can then be related to the meas-
ured values of Q,, and Q,,, as:

poon |4 Em) 2w ™ (3-28)
s 2 Fm) Qu

The particle number density can be determined from Equation (3-26) only if D43
can be related to D3y The very high particle concentration within the flames suggest
that the self-preserving particle size distribution function is applicable [Lai, Fried-
lander, Pich, & Hidy (1972), and Graham & Robbinson (1976)]. Using the exponential
approximation of the self-preserving distribution function, the ratio ( D¢3/Ds )’ is

found to be equal to 2.0 [Graham et al. (1976)], which also applies to logarithmic
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normal distribution function of intermediate width. In this case the number density is

given by:

12 f,
nDZ

(3-29)

Note N and P (D) are functions only of the axial direction in the measuring coordinate
system because of the one-dimensional property of axisymmetric counterflow diffusion

flames, and therefore, both Q,,, and Q,,, are position dependent.

Mie Regime

Optical properties in the Mie regime are more diverse and therefore contain
greater information about the scattering field. The consequence is that both mean size
and width of the distribution function can be deduced if the particle sizes lie in the
Mie regime (D = A).

For particles of arbitrarily large size of specified refractive index the values of
D¢ and N must be calculated from the observations. Since the quantities are
expressed as ratios they are independent of particle density and are solely properties of
the local D ¢; and 6. This can be accomplished in a trial and error manner by search-
ing through the Dg3-0, space until suitable agreement with observed quantities is
achieved. A more systematic method is afforded by the solution to the non-linear least
squares problem. The Levenberg-Marquart algorithm has been found advantageous for

this purpose. The soot particles generated from the counterflow diffusion flame for this

research are not in this regime.

3.3.2 Laser-Induced Fluorescence Measurements

Laser-induced fluorescence (LIF) was used as non-intrusive diagnostic for polycy-
clic aromatic hydrocarbons (PAH) in the diffusion flames. PAH have been proposed as

important intermediates in the soot formation process (Crittenden & Long, 1973;
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Bittner, Howard, & Palmer, 1982; Prado er al., 1984). Then, the knowledge of their

concentrations in flames is important for understanding the sooting mechanism.

There are two techniques to measure PAH concentrations in diffusion flames: gas
chromatograph analysis of PAH collected with a quartz-microprobe, and laser induced
fluorescence measurement. Direct sampling and subsequent chemical analysis may pro-
duce primary importance but have their limitation. They are time-consuming and the
results are often inaccurate, specially, for the species of which concentration is very
small (smaller than 1 ppm) in the flame. It is generally assumed that the strong broad-
band fluorescence stimulated by the blue and green lines of the argon ion laser is due
to the PAH present in the flames (Coe, Haynes and Steinfeld, 1981). Comparisons
between the fluorescence emission profiles and the measured PAH concentration in the
flames suggests that this class of compounds should be responsible for this effect. So,
for the present study, laser induced fluorescence measurement was chosen to measure

P AH concentration profile in the counterflow diffusion flames.

To obtain an LIF signal, the wavelength of the laser is tuned to match an absorp-
tion of the species of interest. Those molecules absorb the laser photons and are thus
elevated to an electronically excited state. Then the molecules emit photons to come
back to stable state which may be different state from previous state. These emitted

Photons which is fluorescence are detected by filtered photomultiplier.

The individual PAH of interest include naphthalene, pyrene, fluoranthene,
Phenanthrene, anthracene, benzpyrene, and others. In combustion environments many
PAH will be present in varying concentrations, so that detection of an individual
SPecies requires deconvoluting the complex spectra from the multicomponent mixture.
This requires a detailed knowledge of excitation and fluorescence spectra for individual
SPecies under flame conditions. Table 3.1 (Coe, Haynes & Steinfeld, 1981) lists species
©Xpected to be present in sooting flames and their fluorescence wavelengths. Com-

Parison of these spectra with those obtained from the diffusion flame indicates that
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acenapthylene is the dominant fluorescing species in this flame.

TABLE 3.1 : Major PAH and their Fluorescence Maxima

Species Formula Fluorescence Maxima (nm)
Benzene CeHsg 275
Indene CgHg 323
Napthalene CioHs 330
Acenapthalyene Ci2Hyo 510
Toluene C;Hg 280
Stylene CgHg 300
Anthracene C14H 10 400
Phenanthrene C14H10 360
Methylnapthalene CiiHpo 330
Trimethylbenzene CoH;y 290
Pyrenen CieHio 390
Fluorene Ci3Hyo 305
Biphenyl CioHjg 310
Fluoranthene CieHio 460

Therefore, it is proposed that green fluorescence always has a large contribution
from hot acenapthylene and will become important contributors to the total fluores-
cence signal. So, for the present study, 488 nm of wavelength was used as excitation

wavelength while 514.5 nm is used as the detection wavelength.

The experiments were performed by using same optical measuring system which
is used for laser light scattering measurements with slight modification. Figure3-28
shows the schematic of the experimental set up. The incident beam (488 nm

wavelength) was chopped by the chopper to avoid the background intensity from the
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flame, and focused by the focusing lens. The fluorescence emitted by excited PAH
species was collected by the focusing lens and detected by the PMT tube after being
filtered by the laser line interference filter with a 9 nm bandwidth with center about
514.5 nm wavelength. The fluorescence intensity detected by PMT is stored in com-

puter memory.
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Chapter 4

EXPERIMENTAL PROCEDURE AND RESULTS

Experiments were conducted for several different methane/air counterflow
diffusion flames. These flames were selected to keep the methane and oxygen concen-
trations constant for the given pre-heat temperature. Temperature, chemical species
concentrations, soot particle size, soot number density and soot volume fraction are
measured for analysis of soot formation and oxidation across the counterflow diffusion
flame. In this chapter, flame conditions used and experimental procedure employed for

the present study are introduced and then their results are discussed.

4.1 Experimental Conditions and Procedure

As described earlier in chapters 2 and 3, the equipment is capable of indepen-
dently controlling the parameters that affect the flame. These are: strain rate, pre-heat
temperature, fuel and oxidizer concentrations, and additive species. Since these param-
eters are controlled basically in the burner system, it is necessary to examine the fuel

and the oxidizer gas supply system.

4.1.1 Gas Supply System

Figure 4-1 shows the schematic of the gas supply system.!) Gas from the gas
cylinder was filtered by a line filter of size 1.0 um to prevent the sonic orifices from
being plugged by foreign material. This filtered gas should pass through one of the two
paths (Hi or Lo) for adjusting proper flow rate to establish a stable flame for a long

enough period to measure all the parameters. Two different sizes of sonic orifices for

1) This gas supply system was designed and constructed by Mr. Kenneth Miller.

80
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each gas flow were used for these two paths (Hi and Lo) to cover the whole range of

gas flow rates.

When the sonic condition exists at the throat of orifice, flow rate depends on the
upstream pressure and orifice area. This sonic orifice can control the flow rate very
accurately and can keep the flow rate stable as far as gas cylinder pressure is high
enough to deliver the desired pressure at the orifice. This system is also very useful to
add gaseous additives to the flow at the downstream of the orifice without changing
the flow rate of other gases. This is because the flow rate does not depend on down-

stream pressure.

The flow rate was calibrated with the upstream pressure for each orifice and for
different gases. For the gas flow rate calibration, soap bubble flow meters were used to
measure exact amount of gas flow. 50 m/ volume of bubble flow meter was used for
small gas flow rate. For large volume flow rate, larger volume of bubble flow meter
was constructed using acrylic cylindrical tube (50 mm in diameter and 120 cm long).
Upstream pressure was measured by a very accurate pressure gauge (PG in Figure 4-1)
installed on the system. This pressure gauge can measure the range from O to 160 psi
with 0.5 psi small scale span. The calibration curve between the gas flow rate and the
upstream pressure was obtained within an error of £ 0.05 % of flow rate. This calibra-

tion curve was obtained for each orifice for each gas used for the experiments.

For additive gases (such as CO,, H,O and He gas), rotameters were used to
measure the flow rates. The rotameter measures the flow rate based on the balance of
drag force and the weight of the float. Thus, the rotameter also needs a different cali-
bration curves for different gases. Calibration curves for the rotameters were also
obtained by using the soap bubble flow meters. The calibration curve was obtained for

each rotameter for the several different gases that were used. These calibration curves

were obtained in + 0.1 % error.
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Three Way Valve Sonic Orifice Assembly
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Figure 4-1 Schematic of the gas supply system and TiCl4 supply system
Hi ; High flow rate sonic orifice, Lo ; Low flow rate sonic orifice,
AGy, AGj ; Additive gas connectors, FM ; Flow meter
V1:V2,V3,V4 ; Three way valves for sclecnng high or low flow rate,
Vpl,sz,Vp3,Vp4 ; Three way valves for pressure gauge,
PG ; Pressure gauge, SVl, SV5 ; Solenoid valves for TiCly fume.
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The gases from the sonic orifices and additive gases added at additive gas con-
nectors (AG1, AG2 in Figure 4-1) were mixed to be homogeneous mixture while they
were passing through a long (about 3 m) 6.35 mm tube. This tube is composed of a
high pressure polyester tube (about 2 m and it can be used upto 180 psi) and a flexible
stainless steel tube (about 1 m). The flexible stainless steel tube was heated to avoid
that the cold gas reaches the hot spot in the burner at high temperature pre-heat condi-
tion. These well mixed homogeneous gas mixtures after passing through the long nar-
row tube were delivered to the burner to establish counterflow diffusion flame in the

gap between the upper and lower parts of the burner.

4.1.2 TiCl, Vapor Supply System

Flow visualization was used for both flames and non-reactive flows in the gap
between the upper part and lower part of the burner. This was done by means of the
TiO, particles generated by titanium tetra chloride (TiCl,) when exposed to moisture.
TiCl, is a light yellow liquid with a pungent acid smell. The liquid develops dense,
white particles when brought in contact with moisture, as a consequence of the reac-
tion:

TiCly + 2H,0 — TiO, + 4HCI (4-1)

For visualization of the stagnation point flow, vapor should be released as short period
as possible to reduce the flow disturbance by injection. In chapter 3, flow visualization
was described when the one-dimensional stagnation point flow was confirmed in air
flows. For the purpose of chapter 3 (see section 3.1.4 and Figure 3-9) flow distur-
bances was the concern and for that reason, Figure 3-9 was taken with no flame. But
for the flame structure measurement, even small amount of additives may distort the
diffusion flame. Therefore, it is necessary to release TiCl, vapor as short period as

possible and measure it at last moment of the visualization process.



84

The average particle size of TiCl, vapor, as mentioned in chapter 3, is 1.1 pum.
The larger sized particles (~ 15 um) are a consequence of high concentration of TiO,
particles in the vapor. For the spherical particles whose density is much greater than
the fluid density, the particle relaxation time (Mazumder, Kirsch, 1975; Regan et al.,

1987) is given by;

(4-2)

where p, is the particle density (= 4.17 glem?), d p is the particle diameter, and 7 is

the average gas viscosity.

The Lagrangian macro-time scale of the turbulence can be estimated by ¢ = e/v 2
where € is the momentum eddy diffusivity and v“2 is the turbulent intensity. Given
Stokes law assumption for a particle, the basic parameter which determines the faith-
fulness of the particle following a turbulent flow is the ratio of T to t. If 1/t « 1.0, a
particle will completely follow the turbulent fluctuations. A practical limit of t/t < 0.02
will ensure that the particles essentially follow the flow (Lilley, 1973). Therefore, the

particle size should be selected to satisfy the following relation

0367 €
”2

2
Ppdy” < .

(4-3a)

The flow properties, for example, are calculated with TiCl, fumes in turbulent air flow
2 2 3 2can 2 -3 .

whose K.E. = 3V = 4.65 x 10° cm“/sec“ and at pu = 1.42 x 10~ g/cm-sec. For this

calculation, the size of the particle which will follow this air flow is d, < 1.157 pm.

For the present study, the reciprocal of strain rate can be used for the time scale t.

Then, Equation (4-3a) becomes for the maximum strain rate with given particle size:

(4-3b)
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The maximum strain rates were calculated for two different TiO , particle sizes.
For the average particle size (1.1 wn), the result were: the maximum strain rate are
1300 sec™! for 300 K flame, 2700 sec™! for 900 K flame, and 3300 sec™! for 1200 K
flame. The maximum strain rates were also calculated for the larger particle size (15
um), and it showed that: the maximum strain rates are 7.1 sec™! for 300 K flame, 15.0
sec”! for 900 K flame, and 18.0 sec™! for 1200 K flame. For these calculations, the air
viscosity at each pre-heat temperature condition was used. From these calculated max-
imum strain rates using average particle size (1.1 pm) and larger particle size (15
wm), it was shown that TiCl, vapor and TiO, particles follows the low strain rate

stagnation point flow.

The visualization process for the flames can be explained from Figure 4-1. TiCl 4
is introduced into the flame, when the solenoid valves (SV; and SV, in Figure 4-1)
are open, by a dry inert gas (N ) flowing through the TiCl 4 container. Then, as shown
in Figure 4-1, the dry inert gas carries the TiCl, vapor to the reaction zone where
TiCl4 converts TiO,. This flow visualization technique was used to verify the flow

conditions in the flame and to determine the stagnation plane location.

4.1.3 Experimental Conditions and Flames

A pure diffusion flame is established in the zone of impingement of two opposed
gaseous flows of the fuel and the oxidizer. A mixture of O, and inert gas is supplied
from the upper part (oxidizer stream) and a mixture of CH 4 and inert gas is supplied
from the lower part (fuel stream) (see Figure 4-1). Methane diffuses into the oxidizer
side and establishes a diffusion flame on the oxidizer side of the stagnation plane.
Here, it must be emphasized that this flame configuration is one-dimensional in tem-
perature, gas concentrations, and soot fields which are all scalar variables. As men-
tioned in chapter 3, this is the primary reason for choosing the axisymmetric

counterflow diffusion flame for the present study.
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Figure 4-2 shows a typical configuration of a sooty flame. The flame is on the
oxidizer side of the stagnation plane and soot particles are formed and grow between
the flame and the stagnation plane. Since the oxidizer passes through the reaction zone,
very small amount of oxygen exists in this sooting zone. Major species in this region
are the combustion products, such as CO, and H,O. Therefore, the effects of tempera-
ture and the concentrations of CO, and H,0O on the soot formation and oxidation were

chosen as primary parameters for the present study.

oxidizer

flame Reaction zone
Sooting zone Soot Nucleation
stagnation plane Soot Growth

fuel

Figure 4-2 Typical sooting configuration in counterflow diffusion flame.

A series of experiments were conducted with average pre-heat temperatures of

300 K, 900 K, and 1200 K. The methane concentration in the fuel stream was held
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constant at 65 % for all the experiments. The oxygen concentration was reduced as the
pre-heat temperature was increased. The oxygen concentration for 300 K pre-heat tem-
perature experiments was held at 16 %, for 900 K experiments it was 11 %, and for
1200 K experiments it was 9.7 %. The oxygen concentration was reduced primarily to
approach a purely sooting flame without soot particle oxidation. This reduction of oxy-
gen concentration helped to make it possible to measure the chemistry in the sooty
flame. Increasing pre-heat temperature produces more soot in the flame and the heavy
soot loading always makes the chemistry measurements difficult due to clogging of the
microprobe.

The choice of diluent for methane and oxygen is an important factor in soot for-
mation study. Basically, N, was chosen as a primary diluent of methane and oxygen.
For 900 K and 1200 K pre-heat conditions, the temperature of oxidizer stream is
higher than that of fuel stream. So, a stable diffusion flame can be established in this
density profile when N, is used as diluent of both streams. But for 300 K experiments,
if N, is used as diluent of both streams, reverse density profile makes the diffusion
flame unstable, as mentioned in section (3.1.5). So, for the 300 K experiments helium
was chosen to overcome the buoyancy problem and to establish a stable low strain rate
flame. He gas flow rate was calculated to maintain the mass flow rate of oxidizer close
to that of the oxidizer stream when N, is used as diluent. This gives the momentum of
the flow and the strain rate close to those of other flames. So, the volume flow rate of
oxidizer stream at 300 K pre-heat condition is bigger than that at 900 K and 1200 K
pre-heat conditions. That is, the velocity at the honeycomb exit of upper part of the
burner was 6.00 cm/sec which is slightly higher than that in the other conditions (~

4.0 cm/sec ) which N, was used as diluent of oxygen.

For experiments on the effect of combustion products on soot formation and oxi-
dation, CO, or H,O were added into the oxidizer or the fuel stream as an additive

gas. When the additive gas was added, the concentrations of each components in the
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mixture was calculated to maintain the same strain rate and temperature profile. This
can be accomplished by maintaining the mass flow rate, volume flow rate, and thermal

capacity constant.

For this purpose, the amount of the additive gas mixture was calculated based on
the adiabatic flame temperature and molecular weight of the mixture. In order to have
the same adiabatic flame temperature and molecular weight after adding the additive
gas, the additive gas should have very close property to that of nitrogen and nitrogen
should be replaced by this additive gas mixture. Since molecular weights of CO, and
H,0 are larger than nitrogen molecular weight, the additive gas mixture can be made
of CO, and He or H,O and He. Adiabatic flame temperature, mass flow rate, and
volume flow rate were calculated with concentrations of nitrogen, CO, and He. From
this calculation, two additive gas mixtures were chosen as: ratios of CO, to He are 12

to 8 and 21 to 14.

Table 4.1 lists the conditions of the flames used in this work. This table shows
the names, flow rates, and gas concentrations. The flames are named according to the
following convention. The names are composed of 2 or 3 letters. The first letter stands
for the additive gas and its concentration. B (for Basic) is for the flame without addi-
tive gases. I (for Intermediate) represents that 12.0 % CO,, while M ( for Maximum)
indicates 21.0 % CO,. W (for Water) stands for the case of 3.6 % water vapor addi-
tion. The second letter is reserved for the pre-heat temperature. A stands for 300 K, B
for 900 K, and C for 1200 K series of experiments. The third letter identifies the
stream to which the additive gas was added. Here, O represents the oxidizer stream

and F represents the fuel stream.

For a given pre-heat temperature, experiments were conducted to study the effect
of CO, by replacing a mixture of CO, and He to the fuel or the oxidizer stream. This
series of experiments show the effect of CO, concentration on soot oxidation in the

flame. It also showed how the effect is different if CO, is added to the fuel stream or
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Table 4.1: Experimental flame conditions

Flame | Fuel Stream Oxidizer Stream

CH4 N2 CO2 He H20 |O2 N2 CO2 He  H20

1. 300 K Experiments.

BA % 65 35 - - - 16 - - 84 -
Umin | 4687 2524 - : : 1822 - - 9.566 -
IA % 65 15 12 8 - 16 - - 84 -
I/min | 4687 1082 0.865 0.577 - 1.822 - - 9.566 -
MA % 65 0 21 14 - 16 - - 84 -
I/min | 4687 O 1.514 1010 - 1.822 - - 9.566_ -
WAF | % 65 314 - - 3.6 16 - - 84 -
I/min | 4.687 2264 - - 0.260 { 1.822 - - 9.566 -
WAO | % 65 35 - - - 16 - - 804 3.6
I/min | 4687 2524 - - - 1822 - - 9.156 0410
Q=7.211Umin__v =3.79 cm/sec Q = 11.388 Umin__v=6.00 cm/sec
2. 900 K Experiments
BB % 65 35 - - - 11 89 - - -
I/min | 4308 2320 - - - 0.798 6225 - - -
IBF % 65 15 12 8 - 11 89 - - -
I/min | 4308 0994 0.795 0.530 - 0.798 6225 - - -
MBF | % 65 0 21 14 - 11 89 - - -
I/min | 4308 0 1392 0927 - 0.798 6225 - - -
IBO % 65 35 - - - 11 69 12 8 -
I/min | 4308 2320 - - - 0.798 4846 0.843 0.562 -
MBO | % 65 35 - - - 11 54 21 14 -
I/min | 4308 2320 - - - 0.798 3.792 1475 0983 -
Q=6.628 //min v =3.5 cm/sec Q=7.023 Ymin___v=3.7 cm/sec
3. 1200 K Experiments
BC |% |65 35 - ; ; 9.7 903 . . .
Umin_| 4575 2464 - - - 0723 6733 - 3 -
MCF | % 65 0 21 14 - 9.7 90.3 - - -
Imin | 4308 0 1479 0985 - 0.723  6.733 - - -
WCF | % 65 314 - - 3.6 9.7 903 - - -
I/min | 4575 2211 - - 0253 | 0.723 6.733 - - -
Q=7.039 Vmin__v =3.70 cm/sec | Q=7.456 Umin__v=3.92 cm/sec
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the oxidizer stream. This series also shows the effect of H,O concentration which can

be readily compared with the effect of CO, concentration.

4.1.4 Normalization of Flame Coordinate System

The location of the maximum temperature and the stagnation plane for each flame
were measured. This measured maximum temperature location is used as the flame
location in the present study and the thickness between the stagnation plane and the

maximum temperature location is defined as the flame thickness.

The maximum temperature location was measured by a thermocouple which is
carried by an accurate traversing mechanism. The temperature and the thermocouple
location were recorded on the strip chart simultaneously. In order to measure the max-
imum temperature location, thermocouple was moved from the known reference posi-
tion to the maximum temperature location relatively fast. The distance between these

two points can be obtained by the record from the strip chart.

Stagnation plane location was measured by two different methods. First, it was
measured by optical method. Soot particles created above the stagnation plane grow as
they flow along stream lines on the oxidizer side of the stagnation plane. Then, most
of soot particles leave the flame near the stagnation plane. So, the maximum scattering
intensity can be used as a location of the stagnation plane of the sooting flame. To
measure the maximum intensity location, scattering intensity was scanned from the
known reference position to the maximum intensity location by moving the burner

assembly slowly. This distance can be obtained from the scale on the traverse directly.

The second method uses flow visualization by injecting small amount of N, car-
rying TiCl,. Before injecting TiCl, vapor, a location pointer was inserted into the
flame to point around the stagnation plane. The tip of this location pointer was short (~
2 cm) thin steel wire and this wire attached at the end of a long thin ceramic tube.

This pointer was carried by a accurate traverse mechanism which was used for
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measuring the maximum temperature location. After injecting the TiCl, fume, the
pointer position was corrected to point exact location of stagnation plane. Then, the
distance between the stagnation plane and the surface of the honeycomb of lower part

of the burner can be obtained from the scale on the traverse.

These measured locations are shown in Table 4.2. The measurement was repeated
10 times for each location. The values in Table 4.2 are the average values of each
measurements. Errors in this measurement are explained in section 4.5.2 and table 4.4.
The stagnation plane location measured by flow visualization is always slightly higher
than that by optical. The differences are in the rage of 0 to 0.32 mm but most of
differences are within 0.2 mm. For the present study the location of stagnation plane

by optical mean was used for calculation purpose.

In order to accurately interpret the flame structure and to compare the experimen-
tal results of different flames, the axial direction is normalized by the flame thickness.
Thus, non-dimensional coordinate is defined as:

Z _ZSt

Z = — 4-4
e (4-4)

where, Z is the axial measurement which represents the distance from the surface of
the honeycomb of the lower part of the bumer. Z;, and Z, are the locations of the
maximum temperature and stagnation plane from the honeycomb surface, respectively.
Therefore, 0.0 presents the stagnation plane and 1.0 presents flame location in this nor-
malized coordinate system. All the results presented in the present study are plotted

against this non-dimensional coordinate system.

4.2 Temperature Measurements

Temperature is a primary factor for studying flames and is also one of the impor-
tant parameters of soot formation and oxidation in diffusion flames. Measuring tem-

perature in the flame is one of the difficult tasks in this study. Especially, for heavy
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Table 4.2: Flame structures (The locations of maximum temperature and stagnation plane,

and the flane thickness.)

1. 300 K Flames unit : mm
Flames  Max. temperature _Stagnation Plane (a) Stagnation plane (b) Flame thickness
BA 15.00 8.74 9.01 6.27
1A 15.00 8.76 8.99 6.24
MA 15.00 8.61 8.80 6.39
WAF 14.97 8.55 8.75 6.43
WAO 15.09 8.67 8.87 6.42
2. 900 K Flames

Flames  Max. temperature _Stagnation Plane (a) Stagnation plane (b) Flame thickness
BB 15.62 8.33 8.51 7.29
IBF 15.80 8.33 8.55 7.47
MBF 15.35 8.20 8.45 7.15
IBO 15.48 8.20 8.52 7.28
MBO 15.53 8.74 8.74 6.79

3. 1200 K Flames
Flames __ Max. temperature _ Stagnation Plane (a) Stagnation plane (b) Flame thickness

BC 16.00 8.19 8.37 7.81
MCF 15.50 8.43 8.61 7.07
WCF 15.60 8.55 8.74 7.05

* Max. temperature : flame location.

* Stagantion plane (a) : stagnation plane location by optical measurement.

* Stagnation plane (b) : stagnation plane location by flow visualization.

* Flame thickness : distance between stagnation plane (a) and max. temperature location.

sooting flames (Farrow, Luch, Flower & Palmer, 1984; Eisner & Rosener, 1984; Ang,
Pagni, Matagle, & Lyon, 1988). Among the suggested several methods, the most com-

mon method is measuring by thermocouple probe.

- For the present study, temperatures were measured with 0.0762 mm Pt/Pt-10 %
Rh thermocouple probe. These thermocouple wires can be used in the range of 300 K
~ 1800 K without melting in the flames. Because of the radiative heat loss, thermocou-

ple temperature is lower than the surrounding gas temperature. So, it was safe up to
2000 K.
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Platinum is also a good conductor of heat transfer. Very often the errors from the
conduction from the thermocouple bead to the thermocouple leads occur. Especially,
two or three dimensional temperature profiles are suffered from this kind of errors. For
the axisymmetric counterflow diffusion flames which have one dimensional tempera-
ture property, this effect can be eliminated by using triangle shape thermocouple. Fig-

ure 4-3 shows the schematic of thermocouple used for the present study.

ceramic thermocouple insulator

thermocouple leads

strip chart

‘j > thermocouple bead and lead around bead

Figure 4-3  Schematic of thermocouple used for measuring temperature in flame.

The thermocouple is coated with silicon dioxide (SiO,) to prevent reaction from
occurring on the catalytic platinum surface. After coated the thermocouple was exam-

ined under microscope to check coating thickness and quality. Thermocouple thickness
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was measured along the number of coating layers. The best result obtained when the
thermocouple coated once and the coated surface uniform. This shows that thermocou-

ple thickness is very important for temperature correction due to radiative loss.

It is well known, for example, that soot deposits on the thermocouple bead,
makes it difficult to measure temperature correctly. The presence of soot on the ther-
mocouple bead substantially reduces the measured temperature. Since the bead has a
finite response time, it should take enough time to respond the local gas temperature.
But longer time gives more possibility to deposit soot on the thermocouple surface.
For the present study, a traverse speed of about 0.64 mm/sec was found to be best of
reduction of soot deposition on the thermocouple bead. When the thermocouple trav-
eled along the axial direction through the sooting zone, it was also found that the
travel direction also affects the soot deposition on thermocouple bead. The direction

from the reaction zone toward stagnation plane obtained less soot deposition than the

reverse direction.

Temperatures were measured along the axial direction. Temperature measured by
thermocouple is lower than the gas temperature because of the radiative heat loss from
the bead to the surrounding. This correction for the radiation can be obtained by
assuming that a steady state exists between convective heat transfer to and radiative
heat loss from the thermocouple. This approach neglects conduction effects along the
thermocouple leads. The shape factors, F,_; were determined by using a model of a
sphere over a circular plate for upper and lower honeycomb. Here, subscription b
stands for the thermocouple bead and i stands for the surface which radiative heat
transfer takes place from and to the thermocouple bead. Emissivity of honeycomb is

nearly 1.0 because it is assumed as a hole on black body which is burner.

In order to properly characterize the radiative heat loss, the emissivity of thermo-
couple coated by SiO, as a function of measured temperature was investigated. Detail

can be found elsewhere (Miller, 1991). The radiative heat loss from the thermocouple
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bead to the surroundings using the optically thin approximation can be written as:
drad = O Ap€p 2 Fp; [Tf - Tor i] i=1273 (4-4)
i

where i = 1, 2 are for the upper and the lower honeycomb surfaces, and i = 3 is for
the surrounding wall which can be seen by thermocouple through the gap between the

upper and lower parts of the burner.

And heat gain from the combustion gas to the thermocouple by convection can be

written as:
Qeonv = hAy [Tgas_Tb] (4-5)

where, o is the Stephen-Boltzmann constant, €, is the thermocouple emissivity, A , is
the thermocouple surface area, T, is the measured thermocouple temperature, T, is
the surrounding temperature, and T,,, is the gas temperature. From the balance of

Equations (4-4) and (4-5), temperature correction, AT can be obtained as:

AT = A 2 Fp '[Tb4-T '4] (4-6)
Nud k - Sur i

i

where, thermocouple emissivity,
g, = 0.8650987 — 2.746295 x 107 T},

thermal conductivity of air which is curve fitted by a third-order polynomial (Ang,
Pagni, Matagle & Lyon, 1988),

k = 0.0037 + 8.6818 x 1075 T — 3.595 x 10~ T2 + 1.3054 x 107! T3

and Nu, = 2.0 for the range of present flames. The measured upper and lower honey-

comb temperatures were used as the surrounding temperatures.

Tables 4.3 shows the typical temperature profiles of measured temperatures
(T uncorr.)» corrected temperatures (T, ), and their differences in Kelvin along the

normalized coordinate between the stagnation plane and the maximum temperature
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location. For the 300 K flames the correction temperature at stagnation plane is about
90 K and at maximum temperature l;)cation is about 180 K. For higher pre-heat condi-
tions, the correction temperatures are much smaller than those for the 300 K flame
because the honeycombs temperatures are higher and hence reduces the heat loss to the

honeycomb surfaces significantly.

Figures 4-4a, 4-4b, and 4-4c show that corrected temperature profiles for 300 K,
900 K, and 1200 K flames, respectively. All the temperature profiles are almost ident-
ical with £ 50 ° C range for given pre-heat temperature. Therefore, if there exists
difference in soot formation and oxidation in the flames of different conditions for
given pre-heat temperature, it is easily recognized that it is not due to the temperature
difference. Instead, it should be due to the difference of chemistry of the fuel and the

oxidizer streams.

The maximum temperatures (flame temperatures) were different between 300 K
and 900 K flames. This temperature difference was a result of significant reduction of
oxygen concentration (5.0 %) in oxidizer stream. Flame temperatures of 1200 K flames
was higher than those of 900 K flames. The oxygen concentration difference of these
pre-heat conditions was only 1.3 %. The oxygen concentration of 1200 K flame is 1.3
% lower than that in 900 K flames. This temperature increment may be explained by
the preheating the gas stream rather than reduction of oxygen concentration. The flame
temperature difference was close to the temperature difference at the inlet of the fuel
and the oxidizer streams. The temperature profiles (Figures 4-4a, 4-4b, 4-4c) indicated
that the temperatures in sooting zone (0.0 < Z, < 0.7) have similar trend in any pre-
heat conditions. The temperatures in this zone for all the flames is in the range of 1200

K to 1700 K. This temperature range for the sooting zone agreed with literatures.
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Table 4.3: The comparison of temperatures corrected and measured by thermocouple
for BA-flame in the sooting zone. (Zn = 0.0 ; stagnation plane, Zn = 1.0 Flame location.)

unit : Kelvin

Zn T(corr.) T(uncorr.) Diff.
0.000 1,309.3 1,220.1 89.2
0.016 1,320.1 1,229.3 90.8
0.032 1,331.0 1,238.6 924
0.048 13419 1,2479 94.0
0.065 1,353.1 1,257.4 95.7
0.081 1.364.4 1,267.0 974
0.097 1,375.8 1,276.7 99.1
0.113 1,3874 1,286.5 100.9
0.129 1,398.7 1,296.2 102.6
0.145 1,410.0 1,305.7 104.3
0.161 1,420.8 1,314.9 1059
0.177 1,431.2 1,323.7 1075
0.194 14414 1,332.4 109.0
0.210 1,451.5 1,340.9 110.6
0.226 1,461.7 1,349.6 112.1
0.242 1,472.0 1,358.3 113.7
0.258 1,482.5 1,367.2 1153
0.274 1,493.1 1,376.2 1169
0.290 1,504.0 1,385.5 118.6
0.306 1,5153 1,395.0 120.3
0.323 1,526.9 1,404.9 1220
0.339 1,538.8 1.415.0 123.8
0.355 1,550.6 14249 125.6
0.371 1,562.3 14349 1274
0.387 1,573.5 1,444.4 129.1
0.403 1,585.5 1,454.6 130.9
0.419 1,597.6 1,464.9 132.7
0.435 1.610.4 1,475.7 134.6
0.452 1,622.8 1,486.3 136.5
0.468 1,634.9 1,496.6 138.3
0.484 1,646.4 1,506.4 140.0
0.500 1,657.0 1,515.5 141.5
0.516 1,667.0 1,524.0 143.0
0.532 1,676.8 1,532.3 1444
0.548 1,687.2 1,541.3 1459
0.565 1,699.2 1,551.5 147.7
0.581 1,712.2 1,562.6 149.5
0.597 1,726.5 15749 151.6
0.613 1,740.3 1,586.7 1535
0.629 1,753.9 1,598.5 1554
0.645 1,766.1 1,609.0 157.1
0.661 1,777.4 1,618.7 1588.7
0.677 1,787.6 1,627.5 160.1
0.694 1,797.0 1,635.6 1614

0.710 1,806.3 1,643.7 162.6
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Zn T(corr.) T(uncorr.) Diff.
0.726 1,815.8 1,651.8 163.9
0.742 1,825.5 1,660.3 165.2
0.758 1,835.2 1,668.7 166.5
0.774 1,845.3 1,677.4 167.8
0.790 1,855.7 1,686.5 169.2
0.806 1,867.0 1,696.4 170.6
0.823 1,878.3 1,706.2 1721
0.839 1,889.0 1,715.6 1734
0.855 1,899.5 1,724.8 174.7
0.871 1,908.1 1,732.3 175.8
0.887 1,918.1 1,741.1 177.0
0.903 1,930.5 1,752.0 178.5
0.919 1,955.7 1,7743 181.4
0.935 1,960.5 1,778.6 182.0
0.952 1,962.9 1,780.7 182.2
0.968 1,969.4 1,786.4 183.0
0.984 1,973.7 1,790.2 183.5
1.000 1,974.9 1,791.3 183.6

4.3 Chemical Species Measurements

The species concentrations in the flame were measured by a direct-sampling
quartz microprobe and a Perkin Elmer Gas Chromatograph. Samples were drawn from
the flame at a flow rate at which no visual distortion was caused in the flame (refer
3.2.1). The quartz microprobe was mounted on the traverse and gas samples were
withdrawn from the flames. The location of the sampling position was measured by a
distance from the stagnation plane which was measured by optical mean. Errors

involved in probe positioning were estimated to be within + 4 % of one span of the

traverse (0.635 mm).
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The gas sample was analyzed based on two different groups of species which are
stable species and light hydrocarbons for the present study. Stable gases, which are
H,, CO,, 0,, N,, CH,4, CO, H,0, and He, are composed of the main supplied gases
and combustion products. So, these gas concentrations were measured in percent and
the summation of these gas concentrations should be close to the unity. The concentra-
tions of light hydrocarbons (C, to C;) were also measured. The concentrations of the
hydrocarbons are very small when compared with those of stable species. These hydro-

carbon concentrations were measured in the unit of parts per million (ppm).

Figures 4-5 through 4-16 show the concentration profiles of stable gases and
hydrocarbons. These two different groups of species are shown on the same normal-
ized coordinate on x-axis. Figures 4-10, 4-14 and 4-16 show the concentration profiles
of the BB-, BC- and WCF-flames which does not have Helium gas in the fuel and the
oxidizer streams. The column used for analyzing stable species is not capable of
measuring the He gas concentration, because He gas was used as a carrier gas. From
the summation of the stable species concentrations in each of these three flames, it was
found that the good agreement with the ideal mass balance is within £ 10 %
throughout the flames, which yields confidence in these results. Therefore, He gas con-
centration can be obtained by subtraction the summation of the measured concentra-
tions from 100.0 % for the flames which were established by the fuel and the oxidizer

streams with He gas.

The methane concentration decreases toward the oxidizer side and disappears
almost completely before it reaches the lower edge (Z, ~ 0.7) of the flame zone. The
oxygen concentration decreases sharply toward the flame from the oxidizer side. Car-
bon dioxide, water vapor, and carbon monoxide (CO,, H,0, CO) have their peak con-
centration in and around the flame zone which corresponds to the sharp disappearance
of O,. It therefore seems that O, has been consumed by CO and H, to produce H,0

and CO, which have their peaks in this region. The inert gases, nitrogen and helium,
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change monotonically toward the flame from both the fuel and the oxidizer side.

CO, profile in the flames, to which CO, is added, has different characteristic in
the profile. It reduces slowly from the added side until it is produced from the chemi-
cal reaction, then increased until reaches local peak concentration. Finally, the CO,
concentration decreases to zero. This CO, profile in these flames is not similar to the
CO, profile in the flames without adding CO ,. When the CO, gas is added in the fuel
or the oxidizer stream, CO, profile has a superimposed image of the profile of con-
served gas, like N ,, and that of CO, gas generated in the flame.

H ,0 profile should have same trend that CO , showed. But in this case, the mole
fraction added into the stream was quite small compared with the amount generated in
the flame. So, the superimpose image of H,O was not shown clearly in the profiles

(Figures 4-8, 4-9, 4-16).

Mole fraction of light hydrocarbons were illustrated in the same figures. In this
study, light hydrocarbons have been analyzed up to the toluene (C;Hg). However,
only those hydrocarbons with concentrations exceeding SO ppm were plotted.

The width of hydrocarbon profiles are narrower than those of the stable species.
Most of hydrocarbons are formed at around the stagnation plane, increased quickly up
to its peak and depleted quickly before the flame zone. The C,H, concentration is
highest value among the measured hydrocarbons. This species has the simplest struc-
ture with C and H atoms. It may be said that C,H is basic species of the soot parti-

cles.

Adding additive gas reduces hydrocarbon concentration significantly. Especially,
C,H,. For the given pre-heat temperature, the peak value of C,H, concentration
reduced when the CO, or H,0O concentration increased in the inlet stream. The loca-
tion of peak C,H, concentration was also moved toward fuel side, even up to below

the stagnation plane.



104

It was also found that the reduction of concentrations was depend upon to which
inlet stream the additive gas was added. The more hydrocarbons were reduced when
CO, or H,O was added into the oxidizer stream. This may be explained. When the
additive gas is introduced into the oxidizer stream, it should pass the reaction zone
where the temperature is about 2000 K. When it pass the high temperature zone, the
more CO or OH can be generated and it will diffuse toward fuel side. This slightly
higher radical concentration will react with more hydrocarbon molecules. So, it may be
more effective to reduce soot particles or hydrocarbons to add CO, or H,O into the

oxidizer stream when the flame is in the oxidizer side of stagnation plane.

The C,H, profile was narrower but higher concentration in higher pre-heat condi-
tion than that in lower pre-heat condition. The C,H, molecules in BA-flame (Figure
4-8) were distributed between Z, = -0.5 and 1.0 and its peak value was about slightly
lower than 800 ppm. In BB-flame (Figure 4-9), they were between Z, = -0.5 and 0.8
and its peak was about 1350 ppm. In BC-flame (Figure 4-10), they were between Z, =
1.0 and 0.8 and its peak value was about 1600 ppm. It indicates that preheat generates

more hydrocarbon in narrower zone and it is depleted faster along the streamline.

Another important measurements of species was the concentration of PAH. PAH
concentration was measured by the laser light induced fluorescence measurement. This
gives the relative concentration profiles for each flame. The measured intensity of
blue-green fluoresce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>