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ABSTRACT

A mathematical model of a spherical diffusion flame is constructed as a starting point to
assessing the effects of hydrodynamics and flame structure on soot inception processes. A
simplified, three-step reaction process is used to describe the primary oxidation, soot/precursor
formation, and soot/precursor consumption reactions. The modeling environment consists of
three distinct zones: (1) the porous bumer, which is divided into (a) the bumer's core and (b) the
porous medium, (2) the reaction zone, which consists of (a) the primary oxidation region wherein
fuel and oxidizer react to form combustion products as well as radical R (e.g. H), (b) the
soot/precursor formation region where the radical R reacts with fuel to form "soot/precursor” §,
and (c) the soot/precursor consumption region where § reacts with the oxidizer to form miore
product, and (3) the two inert outer transport zones, one between the bumer and soot/precursor
formation region and the other between the soot/precursor consumption region and ambient. The
model is solved using high activation energy asymptotics.

INTRODUCTION

The discovery of fire brought tremendous improvement to the quality of human life.
With this new source of energy people have been able to cook their food and keep themselves
warm. Furthermore, man has been able to hamess the energy of fire to develop technologies
such as vapor power plants, diesel engines, and gas turbines. While being an inseparable and
highly beneficial part of human life, fires cause significant damage when undesired incidents
burst out. For example, in 1871 a fire of horrendous fury torched a great part of the city of
Chicago. Due to this importance and prevalence, man has constantly strived to control fires,
making them more efficient in industrial applications and safe for society.

An area of great concem in combustion control is soot generation. Soot is generated
during the high temperature pyrolysis of hydrocarbons, and consists primarily of carbon with
trace amounts of hydrogen. According to the United States Environmental Protection Agency
(EPA), soot is one of the six primary pollutants produced by industrial devices. A recent report
in the New York Times (Revkin, 2001) concluded that among all the air pollutants, soot is the
one that causes the highest number of premature deaths (approximately 50,000 every year) in the
United States. From an engineering standpoint, the production of soot in combustion devices
reduces the thermal efficiency, and in turbines, lowers the lifespan of the blades. Since soot
plays a significant role in social and industrial environments, understanding the mechanisms that
govern soot inception is of both fundamental and practical importance. With a complete grasp of
soot formation processes, starting from inception, generation of soot can be controlled or
eliminated.

In premixed flames, or flames in which the fuel and oxidizer mix prior to entering the
reaction region, the production of soot can be minimized to negligible amounts by burning at fuel
lean conditions. For non-premixed flames, or diffusion flames, the fuel and oxidizer are not
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mixed prior to entering the reaction region, but . tptiys Wre transported by convection and
molecular diffusion to the reaction region, where they wl molecularly and react. Since the
primary transport mechanism in non-premixed flamss is &iffusion, there is always a fuel-rich
region on the fuel side of the reaction region, even if the overall stoichiometry is fuel-lean, in
which soot can be generated. Thus, a novel approach to soot suppression needs to be developed.

A current solution, developed by my advisor, Dr. Beei-Huan Chao, and his collaborators
involves the redistribution of the inert gas from the oxidizer (¢.g. nitrogen in air) to the fuel side
of a diffusion flame. Through this method, Chao et al. (2001) have shown that soot can be
significantly minimized, or in some cases, totally eliminated. However, there are two
competiting theories on the explanation of soot suppression through inert redistribution. Lin and
Faeth (1996) attributed the reduction of soot to changes in the velocity component normal to the
reaction regions of diffusion flames. On the other hand, Du and Axelbaum (1995) agreed with
Lin and Faeth that convection plays a key role in soot growth and oxidation, but argued that soot
particle inception, a process not affected by convection, is the governing mechanism.

Therefore, the purpose of this study is to construct an accurate mathematical model to
assess the sooting behavior in response to hydrodynamic and flame structure changes in a
diffusion flame. With such an understanding of soot generation, industrial processes and
environmental protection plans can be made more efficient and safe. Also, the debate over the
dominating mechanism of soot inception, hydrodynamics or flame structure, can be subdifed.
The model will start with the mass, species, and energy conservation equations that consider
convective, radiative, and structural effects. High activation energy asymptotics will be adopted
to solve the conservation equations. '

In order to investigate the effects of flame structure on soot inception, the reaction
kinetics need to include the steps that describe the formation and consumption of soot precursors
since these reactions compete against each other in the soot inception process. Also, since the H
radical created during combustion plays a highly important role in many aspects of the soot
inception process (i.e. in fuel pyrolysis, initial ring formation, and PAH growth processes), the
reaction kinetics must characterize the formation, transport, and reaction of the H radical with
soot precursors. With this in mind, a simplified three-step model given by

v F+v, 0v, P+v,R ' (R1)

Ve F+V R v (R2)
ViS+Vo,0 Ve Py (R3)

is adopted. These reaction equations (R1) — (R3) represent the primary oxidation, soot/precursor
formation, and soot/precursor consumption reactions, respectively, and occur within three
distinct regions. In the primary oxidation reaction, fuel () and oxidizer (O) are consumed to
produce final products P and radical R (e.g., H). In the soot/precursor formation region, radical
produced in the primary oxidation reaction is transported toward the fuel side of the flame and
reacts with fuel to produce soot/precursor § in the fuel-rich region adjacent to the oxidation
region. In the sooUprecursor consumption region, the soot/precursor generated in the
soot/precursor formation region penetrates toward the oxidizer side of the flame and reacts with
the oxidizer in the fuel-lean region adjacent to the primary oxidation region to produce more final
products. Recognizing that the production of soot is dependent on the presence of soot
precursors, S will henceforth be the representation of soot without considering the soot growth.
Furthermore, previous modeling attempts have been made to assess the sooting behavior
of diffusion flames using a counterflow flame. However, with that set-up, the effects of
hydrodynamics and flame structure couldn’t be resolved individually. For the fuel — air flame







