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(ABSTRACT)

Soot volume fractions have been measured using optical techniques in dual mode
diffusion flames. A dual mode flame is defined as a diffusion fuel jet that burns in the
wake of a premixed flame. The premixed flame combustion products simulate a vitiated-

air environment: the air is preheated, rich in radicals, and depleted in oxygen.

A two stage burner was used to investigate the effects of vitiation on the soot
yield in diffusion flames. In the first stage, a fuel-lean premixed methane flame burned.
A diffusion fuel jet was injected in the second stage. The effects of vitiation were
simulated by varying the premixed flame stoichiometry, diffusion flame injection height
above the premixed flame, and premixed flame temperature. The premixed flame
stoichiometry affects the oxygen availability. The oxygen availability was varied from
an 18% oxygen index to a 23% oxygen index. Different diluent gases (Ar, N,, and COy)
were used to alter the premixed flame temperature. The injection height of the diffusion
flame (0.0 to 1.0 cm) affects the radical concentrations and temperature field. The soot
yield from dual mode combustion was compared to the yield from similar single mode

flames. For the single mode flames, air was injected through the first stage.

Experimental results indicate that dual mode combustion increases the soot yield

significantly in diffusion flames. Among flames at a 23% oxygen index, the mean



increase in soot levels was 84%. Among flames at an 18% oxygen index, mean soot

levels increased by 314%.

In dual mode flames, the effect of injection height is weak, as is the effect of
oxygen availability. The effects of the feed air temperature could not be resolved. In
single mode ﬁames, the effect of the injection height was weak, but oxygen availability
affects soot yield significantly. Single mode flames show an average increase of 180% in
soot yield at the 23% oxygen index with respect to the 18% oxygen index. These

conclusions are the same for both ethene and propane as the diffusion flame fuels.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Soot has long been recognized as a major pollutant which contributes to
respiratory disorders and results in environmental degradation when released to the
atmosphere [1]. As a result of the deleterious effects of soot, regulations have been
proposed or enacted to control the emission of soot from combustion devices including
stationary power plants and diesel and gas turbine engines. In addition to the health
hazards of soot, the incandescence of soot particles in flames can substantially increase
radiant heat transfer in combustion devices. The increased heat load from radiation
requires designs capable of withstanding higher temperatures, thus adding to the cost or
complexity and reducing the performance of such devices. However, for some devices
like industrial boilers, a high rate of radiant heat transfer is desired. The problem in these
applications is to ensure sufficient burnout of the soot particles to meet emission

standards.

Due to the importance of soot in terms of environmental regulations and
mechanical design of various combustors, much research had already been done in this
area. Studies have identified several steps in the formation and oxidation of soot in
flames [2]. The initial step, called nucleation, occurs when fuel molecules dissociate into
smaller fragments upon heating, but subsequently polymerize into much larger
hydrocarbons. These soot precursors have a character that is indicative of aromatic rings
and polyacetylene structures. The next step, called the growth stage (or growth and
agglomeration stage), is where the bulk of the actual soot is formed. Gas phase

hydrocarbons condense onto the soot precursors, forming fairly spherical particles. As



the rate of surface growth slows, these particles tend to agglomerate into long chainlike
structures. In the final step, oxidation, these soot particles are burned. Whether or not
soot is released from a flame depends on the rates of all three of these steps. Therefore, it
i1s important to study the history of the soot particles within the flame in order to

understand the overall sooting process.

Recent approaches to soot research have been primarily of two types: burner
studies and in situ studies. The advantage of burner studies is that laminar premixed and
diffusion flames lend themselves to easy measurement and analysis; the results do much
to improve the understanding of the fundamentals of soot formation and oxidation.
However, it is evident that purely premixed or purely diffusional flames frequently do not
reflect the combustion environment found in practical combustors. Studies of soot
formation in diesel and gas turbine engines have focused primarily on the understanding
of fuel and engine variables that affect the level of soot emitted by the engine [3]. As
such, they lack much of the fundamental understanding obtained from burner studies.
However, there is hope that these two approaches can be consolidated. One advancement
would be the development of better diagnostics for in situ measurements. Another
method would be to use a laboratory burner which more accurately simulates practical

combustors. This research focuses on latter approach.

Researchers have studied soot formation in laminar premixed and diffusion
flames since these lend themselves to easy measurement and analysis. However, one
criticism of laboratory burner studies is that purely premixed or purely diffusional flames
are not representative of practical combustors. This is supported by considering two
practical examples: diesel engine combustion and gas turbine combustion (turbulent

diffusion flames). Each of these examples illustrate a process called dual mode



combustion. The term "dual mode" means that two different types of combustion occur;
one mode is similar to premixed flames, and the other mode is similar to diffusion

flames. Both modes are readily identified in the following examples.

During diesel engine combustion, some of the fuel premixes with air during the
fuel injection. The lighter fuel fractions are vaporized while the heavier fractions remain
as droplets. Upon ignition, a lean premixed flame sweeps through the chamber,
consuming the vaporized fraction. This depletes some of the available oxygen while
producing a rich pool of radical by-products. The fuel droplets subsequently burn in a

diffusional mode in the vitiated-air environment [4].

A similar environment would be found in a gas turbine combustor, which uses a
turbulent diffusion flame. In turbulent flames, there are regions where the swirling flows
create areas of dual mode combustion. Figure 1 illustrates this eddy mixing process. A
region of quenched premixed flame (rich in radicals, depleted in oxygen) can combine
with unburned fuel in an eddy, leading to diffusional combustion conditions similar to
those described above for the diesel engine. It is essential at this point to recognize that
the combustion process in either case is neither purely diffusional nor purely premixed -

dual mode burning exists.

If dual mode burning is indeed a characteristic of practical flames, then laboratory
studies should be taking this into account. The most significant consequence of dual
mode combustion is the generation of vitiated feed air. Vitiation means that the feed air
is depleted in oxygen, but in dual mode flames the air is also preheated and may be rich
in radicals. Previous research into diffusion flames has identified some of the effects of

temperature, oxygen availability, and radical species on soot formation, but not in an
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Figure 1. Local Eddy Mixing in Turbulent Diffusion Flames



integrated manner. The following paragraphs summarize the results of these

investigations.

Most of research done to date on laboratory-bumer diffusion flames has
concentrated on the temperature and oxygen availability factors [5-11]. A survey of the
results from previous burner studies shows that the rate of soot formation and removal is
strongly related to the flame temperature and to the availability of oxygen whether in a
premixed or diffusion flame [2,3,5-7,12-17]. However, these rates can vary depending
on whether the flame is premixed or diffusional. It is known that the higher the
temperature of the diffusion flame, the more soot is formed. Higher temperatures
promote pyrolysis on the fuel side of the flame, which encourages the production of more
soot precursors. It has also been shown for diffusion flames that increasing the feed air
temperature slightly increases the flame temperature (which increases the tendency to
soot) [1]. For premixed flames, the opposite is true; higher temperatures decrease the
amount of soot formed. Since the fuel and oxidizer are intimately mixed, pyrolysis and
oxidative processes can compete. At higher temperatures, oxidation is preferred and less

soot precursors are formed.

Fuel structure also plays a role in determining the amount of soot formed. This
effect is seen primarily in the soot precursor inception phase, since mature soot from
flames is morphologically similar regardless of the fuel burmed [2]. Sooting tendency
seems to be related to the fuel’s readiness to polymerize into polyacetylene and aromatic
ring structures. Not surprisingly, acetylene and aromatics like benzene show a high
tendency to soot. The stability of these structures permits polymerization to much larger
molecules, the soot precursors. Ethene soots readily, since it is fairly similar to

acetylene. In general, the alkenes soot more than the alkanes [2].



Recent results suggest that the presence of radicals, particularly OH or O atoms
near the fuel pyrolysis zone in diffusion flames, can significantly increase the formation
of soot [13-15]. These studies indicate that the primary effect of radicals is seen in the
early stages of soot formation: nucleation and surface growth. A diffusion flame
generates a super-equilibrium concentration of radicals on its own - it is currently
unknown what effect the extra radicals produced by the premixed burning would have.
One might expect that the diffusion of radicals to the fuel pyrolysis zone would be
enhanced, leading to more sooting. Once again, the burner studies done to date have not

addressed this dual mode combustion problem.

More recently the results of Hura and Glassman [18] have shown that a two stage
combustion process like the one described above can have a significant effect on soot
production. They investigated sooting properties in a counterflow diffusion flame where
varying amounts of oxygen were premixed with the fuel flow. For large amounts of
oxygen addition, there resulted a sharp increase followed by a sharp decrease in the peak
extinction coefficient as the equivalence ratio was lowered in ethene flames. This
seemed to coincide with the appearance of a premixed flame on the interior of the
diffusion flame zone. The sharp increase was attributed to the generation of radicals and
soot precursors by the premixed flame near its rich flammability limit. These
radicals/soot precursors, surviving into the diffusion zone, appeared to greatly enhance
the soot formation rate in the diffusion flame. They showed that the addition of 10
percent oxygen in ethene flames resulted in an increase in the final soot volume fraction
of more than 100 percent. As the equivalence ratio of the premixed zone was reduced
further, they surmised that the soot oxidation processes began to dominate the premixed
flame so that soot precursors were no longer emitted into the diffusion flame.

Additionally, OH radicals were emitted which attack the soot precursors being formed in



the diffusion flame.. This influence, along with a shortening of the soot inception
time/path length, lead to a greatly reduced amount of soot emission. However, this effect
was dependent on the diffusion flame fuel. Hura and Glassman concluded that
... the oxygen effect is strongest in ethene, less so in propene, and
negligible in the alkanes, and are in agreement with most of the previous
studies. For alkanes the effect of oxygen is extremely weak and quite
independent of the oxygen concentration in the fuel.
Unfortunately, their burner geometry allowed only limited measurements of the soot
properties so they were unable to resolve many of the observed effects. Nevertheless,
these results clearly show that a staged ethene flame has significantly different sooting

tendencies than either a premixed or a diffusion flame.

Although in-situ studies are inherently more realistic than laboratory burner
studies, they rarely provide information on the critical competition between soot
formation and oxidation. A study on the effect of lower cetane number diesel fuel on
soot emissions showed that as the cetane number is reduced, the soot emissions increase
[21]. The cetane number for a diesel fuel is analogous to the octane rating for gasoline.
Since a lower cetane number is associated with a longer ignition delay, there is more time
for the volatile fraction of the fuel to premix. The premixed burning of a larger fraction
of the fuel may be responsible for the observed increase in emissions. The increase may
therefore be attributable to an increase in the number of radicals generated or air vitiation
or both. Both of these studies have not identified fundamental mechanisms or revealed
the details of the soot formation process. More detailed flame measurements are needed

to resolve these questions.

Based on this review, it is clear that there is a need to bridge the gap between the

detailed results from burner studies and the basic knowledge of soot emissions from in-



situ studies. There are aspects of dual mode combustion which have not been explained
sufficiently by the results of previous burner studies. In the dual mode combustion which
occurs in practical combustors, three effects are interrelated. The premixed mode raises
the feed air temperature, which should raise the diffusion flame temperature and promote
sooting. However, the consumption of oxygen to form inerts like CO, and H2O can
lower the temperatures and inhibit sooting in the diffusion flame. Finally, the effect of
the radicals is less well understood. Hura and Glassman’s results suggest that radicals
can increase or decrease the sooting tendency of diffusion flames. The obvious question
here is what is the overall effect? A less obvious question is what role did radicals play

in the previous studies of temperature and oxygen effects?

1.2 OBJECTIVES AND TECHNICAL APPROACH

The primary focus of this research is to identify the effect of vitiated air on the
soot properties of diffusion flames. Single mode and dual mode flames will be
compared. Single mode diffusion flames are defined as a diffusion fuel jet issuing into
coflowing feed air. Dual mode diffusion flames are defined as a diffusion fuel jet issuing
into the products of combustion from a premixed flame. A particular goal is to be able to
separate the effects of temperature, oxygen availability, and radicals on the amount of

soot formed.

The proposed research is primarily concerned with the role that radical
concentrations play in diffusion flames. It is believed that this approach will help make
the results of previous burner studies more applicable to practical combustor problems.

In order to accomplish these tasks, the research program must meet the following goals:

1) The burner must be able to simulate practical combustors, and represent
the conditions under which they are operated. For example, the effects of fuel



volatility, ignition delay, and intensity of eddy mixing must have some analog in
the laboratory burner.

2) The methods used must be able to separate the effect of the radicals
from the effects of the other parameters, such as fuel type, stoichiometry, and feed

air temperature.
The following paragraphs describe how the overall research program is intended to
achieve these goals. The description emphasizes the versatility of a unique two stage
burner, and reflects the long-term expectations of the program. Clearly, some of the
measurements were beyond the scope of the research for this thesis. At the conclusion of

the overview, the actual scope of the thesis will be defined.

The chief advantage of using a two stage laboratory burner is that there is
uninhibited optical access to the steady, laminar flames. This allows measurement of the
distribution of soot properties, radical concentrations, and soot precursors by nonintrusive
techniques. The soot volume fraction, average particle size and size distribution, and
particle number density can be found using Mie-Lorenz theory following the procedures
given by D’Alessio [22]. The soot volume fraction is defined as the total volume of soot
particles per unit volume of space. Hydroxyl radical concentrations can be determined
by absorption or fluorescence measurements using a frequency doubled dye laser ‘system.
Hydrogen and oxygen atom concentrations can then be calculated using the partial
equilibrium assumption for the H,-O; system. The wide band fluorescence of polycyclic
aromatic hydrocarbons (PAH) can be used to detect soot precursor concentrations.

Temperatures can be measured with thermocouples or can be determined from the OH

measurements.

Such detailed measurements of the soot formation process should result in a much

more fundamental understanding of soot formation in dual mode combustion than is
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achievable with in situ measurements. With the two stage bumner, the soot particle
history can be followed through the diffusion flame. It may be possible that eddy mixing
reduces the total soot volume produced in the early stages of the flame, or that the
average particle size decreases (promoting better burnout), or both. This question can
only be answered if detailed soot measurements can be made, and the literature provides

well established optical-based methods for use in laboratory flames [22-25].

The two stage burner allows one to set both the first stage and the overall
stoichiometry. Thus, it is possible to study a continuum of combustion regimes from
purely premixed to purely diffusional, subject to the stability limits of the burner. If a
practical combustor can be characterized by its premixed mode/diffusional mode burning
rates, it may be possible to use this type of two stage burner as a diagnostic model. The
notion that turbulent diffusion flames are more properly modeled by a dual mode laminar
burner flame are supported by the recent work of Flower [19]. In scattering
measurements of integrated line-of-sight soot volume fractions in turbulent diffusion
flames at various pressures, Flower found that

The flames consist everywhere of alternate soot-laden and soot-

free zones, rather than consisting of large mixed regions where soot is

found everywhere, as would be expected if substantial premixing occurred

before burning. Also, the pressure dependence of the peak soot flux for

turbulent diffusion flames with fixed residence time (p!4) is close to the

pressure dependence that was observed for laminar diffusion flames (p!-2).

Both of these observations are consistent with the behavior that would be

expected if soot formation occurred in laminar flamelets."”

This statement not only supports the notion that diffusional burning with significant eddy

mixing is a good model for a turbulent diffusion flame, but also it lends support to the use

of a laminar flame system to model this process.
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The cetane study indicated that soot production may be affected by the amount of
fuel which burns in the premixed mode. The amount of fuel that burns in the premixed
mode can be affected by two factors: the percentage and type of light ends in the fuel,
and the temperature of the combustion region. In a two stage burner, these factors can be
simulated by changing the type of fuel burned in the first stage (use lighter or heavier
hydrocarbons), changing the fraction of the total fuel flow that burns in the first stage
while keeping the overall stoichiometry constant and by controlling the burner cooling
water flow rate. This approach also applies to turbulent diffusion flames, since the
degree of eddy mixing is analogous to the relative amount of fuel which is burned in the

premixed mode.

One limitation for the premixed stage will be the lean flammability limit, which
could limit the maximum concentration of oxygen reaching the diffusion flame. For
example, the lean flammability limit of methane in air is about 5%. Normal air contains
21% oxygen; after premixed combustion, there would only be about 10% O, left for the
diffusion flame. In order to measure the effect of a wider range of oxygen
concentrations, the O, concentration in the premixed stage will be enriched by using
artificial air (O, concentrations greater than 21%). The use of artificially enriched air
should not detract from the realism of the burner, since some non-vitiated air invariably

mixes with the combustion region in actual combustors.

The two stage burner also allows control over the relative input of radicals to the
diffusion flame. More importantly, the effect of these radicals can be removed
altogether. Preheated "artificial air", composed of oxygen and nitrogen, can be injected
through the first stage instead of a fuel-air mix. This preserves the temperature and O,
depletion character of the feed air, while removing the radical character. If the diffusion

flame temperature field is low enough to prevent significant CO, dissociation, the
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artificial air could be composed of CO, and O; to better represent the specific heat of

vitiated air.

The relative amount of radicals which reach the diffusion flame (second stage)
can be varied in several ways. The H/C ratio of the first stage fuel and the first stage
equivalence ratio will affect the relative amount of hydrogen-containing radicals which
are formed. By varying the injection point of the diffusion flame jet downstream of the
first stage, the number of radicals which actually reach the second stage can be
controlled. Finally, the burner cooling water flow rate will have some effect on the

premixed flame temperature, and therefore the radical concentrations.

Temperatures in the flame regions can be controlled to some extent by varying
the type of fuel burned, the burner cooling water flow rate, the diffusion jet injection

point, and by dilution with inert gases (either or both stages).

One aspect of practical combustors which has not yet been addressed in this
discussion is the role of high pressures in soot formation. Some work in this area, done
by Flower and Bowman [26] and Flower [19] shows a significant increase in soot
formation with pressure. For this initial study, atmospheric flames will be studied. If the
initial results of this study are promising, higher pressure flames would be the next step,

following the diagnostic procedures developed by Flower and Bowman [26].

To summarize, the two stage burner allows great flexibility in the combustion
conditions. Control of the temperature field, radical inputs, and relative stoichiometries
should permit fairly accurate simulation of the environment found in actual combustors.
By removing the presence of the radicals, their effect can be isolated from the other
combustion parameters. The experimental measurements can be used to globally model

the soot reaction rates; these rates can then be compared to the global reaction rates
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predicted by studies of combustion in a non-vitiated environment. Thus, one can
determine the role that radicals play in the soot formation and oxidation processes in
diffusion flames. Furthermore, detailed measurements of soot properties will be obtained

from a realistic combustion environment.

1.3 SCOPE OF THESIS
The scope of the current research had to be limited to accommodate time
restrictions and the expectations for a Master’s thesis. The current research primarily

investigated the following topics:

1) The operation of the burner was tested to check its actual capabilities
and operating limits.

2) The optical system necessary for extinction measurements was
designed and tested. Optical hardware was tested and refined, and the software
required for data acquisition and analysis was written and debugged.

3) Soot volume fractions were measured in a variety of flames. These
flames investigated the effects of combustion mode (single vs. dual), diffusion
fuel, diffusion flame injection height, temperature, and oxygen availability.
Spatial resolution of the soot volume fractions was achieved across the flame
cross section at selected elevations of the flames.

One purpose for this thesis is to document the development of the experimental
system and data acquisition procedure. The development was greatly influenced by
several unexpected problems; the system and procedure evolved to overcome most of
these problems. It is important to recognize these problems for several reasons. First,
some of these problems limit the measurement capabilities of the current system.

Second, there is room for much improvement in the current system. This improvement
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should be guided by identifying the unresolved problems which have the greatest impact
on the measurements. A third reason is that the system will have to be expanded at some
time to increase its capabilities (scattering measurements, for example). Many of the
problems that have already been identified may affect the development of these new

capabilities.

Of course, the primary reason for this thesis is to present the findings of the
research completed to date, and to offer suggestions for further research. These topics
are covered in the Results, Discussion of Results, and Conclusions and

Recommendations sections.



CHAPTER 2: THEORETICAL CONSIDERATIONS

This purpose of this chapter is to outline the theory of optical diagnostics
pertinent to these experiments. The first section defines extinction measurements and
how they are made. The second section describes the methods used to calculate local

soot volume fractions from the extinction measurements.

2.1 EXTINCTION MEASUREMENTS
The relationship between the attenuation of a probe beam and the attenuation

properties of a medium are described by Beer’s Law:

I/To=exp[-kea* L]

I = The measured beam intensity

I, = The original beam intensity

k.x: = The extinction coefficient of the medium

L = The path length of the beam through the medium
Figure 2 illustrates this type of measurement. Extinction of the beam intensity is
determined by the relative strength of the absorption, scattering, and transmission
properties of the medium. The experimentalist measures the original and transmitted
beam intensities, and tries to infer information about the attenuating medium from this
data. For soot particles that are assumed to be spherical and much smaller than the
wavelength of the probe beam, Rayleigh theory applies and the relationship between the
absorption and scattering properties are known. Therefore, extinction measurements are
sufficient to estimate the soot volume fraction. However, if the particles are not much
smaller than the probe beam wavelength, Mie theory applies and the scattering properties

of the soot particles must be measured as well.

15
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EXTINCTION THEORY: BEER'S LAW

(5001)

ATTENUATING
<§ BT BEMM, INENSITY 1/ MEDIM \  INCIORMT BEAM, INTENSITY Io

DETECTOR

EXTINCTION = ABSORPTION + SCATTERING

BEER'S LAW:
[/To=BEXP[-kxL]

[ = EXIT BEAM INTENSITY (MEASURED)

To = INCIDENT BEAM INTENSITY (MEASURED)

L = PATH LENGTH THROUGH ATTENUATING MEDIUM (KNOWN)

k = EXTINCTION COEFFICIENT, PROPORTIONAL TO THE VOLUME
FRACTION OF SOOT IN THE FLAME

Figure 2. Extinction Theory and Beer’s Law



























































































































































































































































































































