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ABSTRACT

A simplified three-step model that describes the oxidation, soot
formation and soot consumption reactions has been employed with high
activation energy asymptotics to study soot inception in nonpremixed
counterflow and spherical flames. Emphasis has been made on the
understanding of the effects of hydrodynamics and transport on the soot
inception processes. The resulting scheme yields three distinct reaction
regions: (1) a fuel oxidation region wherein the fuel and oxidizer react to form
product as well as a radical R, (e.g., H), (2) a soot/precursor formation region
where the radical R reacts with fuel to form “soot/precursor” S, and (3) a
soot/precursor consumption region where S reacts with the oxidizer to form
product. This kinetic scheme, although greatly simplified, allows for the
coupling between soot inception and flame structure to be assessed. The
analysis yields the solution of flame temperature, flame location, and
soot/precursor indices, Sy and Sg, as functions of the Damkdéhler number of
the soot formation reaction, Das, and the mass flow rate issued from the
burner for the spherical flames. The soot/precursor index Sy indicates the
amount of S at the boundary between the reaction region and the inert
transport region at the fuel side for the counterflow flame, or the burner side
for the spherical flame. The other index Sp indicates the amount of S at the
boundary between the reaction region and the inert transport region at the
oxidizer side for the counterflow flame, or the ambient side for the spherical
flame. The flame temperature indirectly indicates the total amount of
soot/precursor production because as soot/precursor is formed less heat is

released.

Two limiting cases, the fuel/air flame and diluted-fuel/oxygen flame,
were studied for both the counterflow and spherical flame configurations.
The effects of flame structure, initial reactant concentrations, Lewis numbers
of the radical and the soot/precursor, as well as the rates of soot formation
and consumption reactions on the sooting behavior were investigated.
Results show that the diluted-fuel/oxygen flame produces much lower
soot/precursor than its fuel/air counterpart. In addition, when soot
consumption reaction is negligible, the net amount of soot/precursor

vii
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produced increases with increasing Daz and decreasing radical diffusivity,
where it is independent of the diffusivity of soot/precursor. On the other
hand, when soot consumption reaction is considered, there exists a critical
Da3 above which soot/precursor production decreases with increasing Da3
because of the enhanced soot/precursor consumption reaction. In addition,
lower soot/precursor diffusion rate yields a lower soot production and a
higher flame temperature as a result of the higher soot/precursor
concentration in the soot consumption region.

The results also show that for the spherical flame, increasing the mass
flow rate increases the flame temperature until the heat loss to the burner
becomes negligible, and then decreases the flame temperature because of the
enhanced soot formation reaction. The net soot amount increases with the
mass flow rate when the soot consumption reaction is weak. It decreases with
stronger soot consumption reaction for any given mass flow rate. There is
also a critical mass flow rate at which the soot production is the highest for
moderate soot consumption rates. Because the production of soot/precursor
is more difficult to occur for the diluted-fuel/oxygen flame compared to the
fuel/air flame as indicated by the much lower soot/precursor production, soot
inception can be reduced or completely suppressed by the redistribution of
inert gas from the oxidizer side to the fuel side, even when the flow direction
favors soot formation. This suggests that flame structure represented by the
stoichiometric mixture fraction plays a more important role on soot inception
in diffusion flames than hydrodynamics.
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NOMENCLATURE

a;j integration constants
B;  pre-exponential factor of reaction Rj
cp specific heat at constant pressure
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Damkohler number of reaction Rj, defined after Egs. (2.7) and (3.8)
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F fuel

I function defined in Eq. (2.19)

k flow velocity gradient, also the strain rate

m mass flow rate from the spherical porous burner

Le;  Lewis number of species i, defined as A /(pD;cp)

@) oxidizer

P combustion products

gr1 heat of combustion per unit mass of fuel consumed in the oxidation

reaction
gs,3 heat of combustion per unit mass of soot/precursor consumed in the

soot/precursor consumption reaction
s  heat of combustion ratio proportional to g5 3/ 4,1, defined after Eq.

(2.7)

R radical

S soot/precursor

Sg  soot/precursor break-through parameter defined in Egs. (2.138) and
(3.136)

St soot/precursor index parameter defined in Egs. (2.137) and (3.135)

T temperature
Ty  flame temperature

Tf, i jth order expansion of the nondimensional flame temperature Tf

W;  molecular weight of species i

x,r  spatial coordinate
x¢, ry flame position

Y;  mass fraction of species i

Xv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Greek Symbols

o activation energy ratio defined as E3 / E;
pre-exponential factor ratio proportional to B3/ B,, defined after Eq.

27)
o small parameter defined as 'f'%'o /Ey

™®

small parameter defined as T% /E;
stretched coordinate in the soot/precursor formation and consumption
regions, defined as (J'c-?cf) /o6 or (r -Ff) /6

0; jth order expansion of temperature in the oxidation region

0; jth order expansion of temperature in the soot/precursor formation
and consumption regions

A thermal conductivity

Aj Reduced Damkohler numbers defined in Egs. (2.28), (2.60), (3.28) and
(3.62)

v; stoichiometric coefficient of species i at a specified reaction

vi,j stoichiometric coefficient of species i at reaction Rj

Ve stoichiometric coefficient ratio defined as vg,/ vg;

Vo  stoichiometric coefficient ratio defined as vp 3/ vp1

1% stoichiometric coefficient ratio defined as Vg / vp

v*  stoichiometric coefficient ratio defined as (1+ vp)/(1+ vg)

I3 stretched coordinate in the oxidation region, defined as (X —Xy)/ € or
(F-7f)/ €

o gas density

i, jth order expansion of species i in the oxidation region

D; i jth order expansion of species i in the soot/precursor formation and
consumption regions
Subscripts
F fuel
O oxidizer
R radical
S soot/ precursor
Xvi
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temperature
oo imposed free boundary conditions of the oxidizer stream
— o imposed free boundary conditions of the fuel stream

Superscripts

+ solutions in the oxidizer side of the oxidation region
- solutions in the fuel side of the oxidation region
~ nondimensional quantities
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CHAPTER1
INTRODUCTION

1.1 Overview

Combustion of hydrocarbon or carbohydrate fuels with air under ideal
conditions produces carbon dioxide and water with the amount given by the
stoichiometric composition of the reactant mixture. An ideal condition refers
to that for which the oxygen supply in the mixture is sufficient to completely
oxidize the carbon in the fuel to carbon dioxide and the hydrogen to water. At
an ideal condition, the chemical equation that governs the overall reaction of

a carbohydrate fuel in air is given by
C,H, O, +[x+(y/4)-(z/2))(O2 +3.76N3)
- xCO5 +(y/2)HyO0+3.76[x+(y /4)-(z/2)]N, . (1.1)

Equation (1.1) can be reduced to the burning of a hydrocarbon fuel by taking
z =0. Reaction under ideal conditions yields the highest heat release, flame

temperature and maximum fuel economy.

In practical combustion devices such as internal combustion engines,
gas turbines, and industrial furnaces, the burning conditions are usually not
ideal. In regions where the mixture is locally rich in fuel, other undesired
components such as carbon monoxide, hydrogen, residual hydrocarbons and
soot are produced in addition to carbon dioxide and water. For premixed
flames, meaning those with the fuel and oxidizer already mixed before
entering the reaction region, the generation of undesired products can be

minimized to a negligible level by burning at fuel lean conditions. For
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nonpremixed flames (diffusion flames), the fuel and oxidizer are originally
separated and brought into the reaction region through convection and
molecular diffusion. They then are mixed at the molecular level within the
reaction region and consumed to produce products and heat. The reaction
region for a diffusion flame is located where the supply of fuel and oxidizer
are stoichiometrically proportional such that both the fuel and oxidizer are
completely consumed in the reaction-sheet limit. Here the reaction-sheet
limit is the condition when the reaction rate is infinitely fast compared to the
rate of diffusion-convection transport such that the reaction is diffusion
limited. There is a fuel rich region at the fuel side of the reaction region,
even if the overall supply is fuel lean, in which the production of the above-
mentioned undesirable components is favored. Among those components,
the presence of soot particles introduces strong impacts on both the fuel

economy and our living environment.

Soot is generally referred to as the combustion-generated carbonaceous
particulate that are produced from gas-phase processes. The characteristics of
soot are well described by Palmer and Cullis (1965). In a soot particle, the
carbon group generally contains approximately 1% hydrogen by weight. On
an atomic basis this corresponds to an empirical formula of CgH. Soot
particles are very fine particles with diameters less than 2.5 micrometers.
They are indicated by the United States Environmental Protection Agency
(US-EPA) as a major component of Particulate Matter PM-2.5, the general
term for solid particles or liquid droplets with diameters of 2.5 micrometers or
less in air, and is identified as one of the six primary pollutants. These fine

particles are produced from the combustion of hydrocarbon and carbohydrate
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fuels in motor vehicles, power generators, and industrial burners.
Thousands of research accomplishments published in reputable journals
indicate that particulate matters, especially fine particles such as soot, lead to
serious health problems (c.f. Abramson, et al., 1991; Abramson, 1991; Green
1995; Barnes, 1994; Meyer, et al., 1999; Lahiri, et al., 2000; Chan-Yeung, 2000;
Lewis, et al., 1998; Holt, 1996; Cunningham, et al., 1995). Examples of health
issues induced by soot particles include: premature death, respiratory related
hospital and emergency room visits, aggravated asthma, acute respiratory
symptoms such as aggravated coughing and difficult or painful breathing,
weakened lung function that yields shortness of breath, and chronic
bronchitis. Realizing the hazard of soot particles on human health, the
Federal Air Quality Standards were updated on July 16, 1997, making it the
most stringent standards after the 1990 Clean Air Act. Two new standards
were added to regulate the PM-2.5 matters which require the content of these
matters in the atmosphere be less than 65 ug/m3 on 24-hour average and
15 ug/m3 on annual average basis. To fulfill these stringent standards,
emission of soot from combustion facilities needs to be further reduced and
soot particles are required to be oxidized before the combustion product can be

released into the atmosphere.

The presence of soot particulate in gas turbines can severely affect the
lifetime of the blades; soot particulate in diesel engines absorb carcinogenic
materials, thereby posing a healthy hazard (Glassman, 1996). Soot formation
within combustion devices also reduces fuel economy and combustion
efficiency due to incomplete combustion. Less heat is liberated from

combustion processes when soot is produced. Nonetheless, particulate can be
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useful. In many industry furnaces, the presence of soot particulate enhances
flame radiation and thus increase appreciably the heat transfer rates. Soot
also can be a raw material in the chemical industry with a wide variety of

applications such as filler in tires and toner for copiers and printers.

Because of the significance of soot particles, understanding of the
nucleation process that yields soot particles is of both fundamental and
practical importance. It is a formidable challenge to investigate the
mechanisms responsible for soot formation, starting from the inception, and
to identify means of controlling these mechanisms. The control of soot
formation in diffusion flames is of utmost importance because a fuel rich
region that favors the formation of soot is part of the flame structure and
cannot be avoided. The objective of this study is, therefore, to study the soot

formation processes in diffusion flames.

1.2 Literature Review

Significant advances in the understanding of the mechanisms,
phenomenology and chemistry on soot formation and destruction in
combustion systems have been made over the past few decades. The
enthusiastic attention received by researchers and engineers on soot
production reflects the great challenges encountered by scientists and
combustion system designers and operators. Although tremendous progress
has been accomplished in understanding the fundamental chemistry and
physics, many questions regarding the details of soot formation, growth and
oxidation remain to be addressed. Combustion engineers are challenged to

design systems in which soot production is controllable.
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Theoretically, there are three classes of model currently available for the
prediction of soot production from combustion systems, viz., (i) purely
empirical models that employ correlation of experimental data to predict
tendency towards soot loading, (ii) semi-empirical formulations that solve
the rate equations for soot formation with some input from experimental
data, and (iii), models that employ detailed chemistry to solve the rate
equations numerically. In (iii) a system of elementary reactions is adopted for
the prediction of the concentrations of all major species in a reactive mixture.
Subsequent to this is the determination of the reaction paths that marches
from fuel to polyaromatic hydrocarbons (PAH), which is the soot precursor,
and to soot. Although all these models have demonstrated success in
predicting soot concentration, their applications require some degree of
correlation in rate constants to match experimental measurements. Whether
this manipulation is consistent with the underlying fundamental principles
on soot formation and destruction is uncertain. Moreover, the interaction
between the flame and its background flow field, which yields the effects of
flame structure and diffusion transport on soot formation, has not been

studied.
1.2.1 Background to Soot Formation and Oxidation

Soot is composed mostly of carbon; with tracing amounts of other
elements such as hydrogen and oxygen. It is produced during the high
temperature pyrolysis or combustion of hydrocarbons and/or carbohydrates.
The emission of soot from a combustor or more specifically, a flame, is
determined by the competition between the soot formation and oxidation

reactions. A comprehensive model that studies the soot process must include
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both of these reactions.

As hydrocarbons pyrolyze, lower molecular weight hydrocarbons, in
particular acetylene, are produced as the primary products. These aliphatic
hydrocarbons subsequently combine to form the first aromatic species as the
initial step leading to the production of soot. The aromatic species then grow
through the addition of other aromatic and smaller alkyl species to produce
PAH. Continuous growth of the PAH eventually leads to the smallest
identifiable soot particles with diameters of the order of 1 nm and masses of
around 1000 amu (atomic mass unit, 1 amu equals to 1.66 x 107 gram). The
production of soot particles in a flame is inherently determined by chemical
kinetics. Low molecular weight gaseous hydrocarbons are converted to
essentially solid carbon within just a few milliseconds. Chemical reactions
that govern soot formation occur at nearly all phases of soot processes from

inception, surface growth, aging, to surface oxidation.

For soot particle inception in aliphatic fuels, the coupling between
chemistry and transport can be summarized as follows. The process begins
with the essential chemistry of fuel pyrolysis and is then followed by
precursor formation. Though there exist various opinions as to the exact
reaction path to soot inception (c.f., Frenklach and Wang, 1990; Calcote and
Keil, 1990; Colket, 1995), it is generally agreed that hydrogen radicals (H) play a
critical role in this process. For nonpremixed flames, the availability of H
radicals in the high temperature region where soot is formed is supported by
both the chemical and transport processes. As the first step, hydrogen
molecules are produced from the fuel pyrolysis reaction. They then are

diffused into the oxidation region and converted to H radicals through
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reactions with oxygen radicals (O) and hydroxyl radicals (OH) via
H, +O—-OH+H , 1.2)

H,+OH—»H,0+H . (1.3)

These newly formed hydrogen radicals subsequently are diffused back to the
fuel pyrolysis region where they are consumed to pyrolyze the fuel and
converted back to Hy through H abstraction reactions. The H radicals are also
responsible for the growth of PAH by, for example, the sequential reactions
(Frenklach, 1988) of hydrogen-abstraction given by

ArylFH+H — Aryl+ Hy (1.4)
and addition of acetylene to the aryl radical formed given by

Aryl + CoHp — Products . (1.5)

Therefore, the H radicals are active in many aspects of the soot inception
process including: fuel pyrolysis, initial ring formation, PAH growth, and
ultimate soot particle inception and growth (Frenklach and Wang, 1990).

This understanding suggests that the critical steps leading to the
inception of soot particles are the formation of H radicals at the flame front
(oxidation region) and their subsequent diffusion into the fuel pyrolysis
region. After inception, soot particles may grow by reaction with other PAH
or other components produced from fuel pyrolysis. They may also be
oxidized through reaction with oxygen molecules or hydroxyl radicals. In a
diffusion flame, oxidation of soot can occur only upon the transportation of
soot particles into the oxidizer side of the oxidation region, where oxidizer is
present in high concentration. Since the transport of radicals and soot

particles depends strongly on the flame structure for a diffusion flame, the

7
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flame structure has a strong impact on the soot production.

To understand how the structure of a diffusion flame affects the soot
inception process, it is necessary, at the simplest level, to characterize the
following: (1) the formation of H radicals in the oxidation region, (2) the
transport of the H radicals into the fuel pyrolysis region, and (3) the reaction
of H radicals with the fuel or fuel-related species such as the soot precursors.
Although the detailed chemistry that describes the production and
destruction of H radicals is very complicated, it is less important compared to
the effect of flame structure on the soot inception process. It is therefore
assumed that the reaction of H radical with the fuel characterizes the essential
features of the soot inception process. This simplification is justified by
considering the initial pyrolysis from any heavier hydrocarbon/carbohydrate
fuel to ethylene, and then to acetylene. Since the hydrogen abstraction
reactions are the primary steps for the pyrolysis of C2Hy, and the production
as well as consumption reactions of CoH3 can be considered steady state, the
rate of CoHy production is given by d[C2H2]/dt ~ [C2H4] [H], where ¢t
represents time and [A ] the molar concentration of component A. Glassman
and co-workers (Gomez et al., 1984; Gomez and Glassman, 1986) have shown
that the rate of this CoHy pyrolysis is the primary reaction that controls the
tendency of the reaction from fuels to soot. From the hydrogen abstraction-
acetylene addition growth mechanism, acetylene is an essential ingredient for
initial aromatic ring formation and the subsequent PAH growth. The growth
of PAH is proportional to the product of the concentrations of H and C2Ho>,
ie,d[PAH]/dt ~[H][C2H;] (Frenklach, 1988).

Acetylene and PAH can be oxidized through the attack by oxygen
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molecules and hydroxyl radicals. Modeling of OH oxidation of soot is less
fundamental than that of O2 oxidation, albeit there exist significant
uncertainties surrounding the latter as well. Although the actual soot
oxidation reaction in nonpremixed flames involve OH, it is not essential to

consider the OH chemistry because the reaction

H+O;—-0H+0O (1.6)
dominates the formation of OH and this reaction forces the OH distribution
to follow that of Oz in the soot oxidation region where the oxidation of

acetylene and PAH occurs.
1.2.2 Overview of Existing Soot Models

The success in modeling of soot production requires, in general, an
accurate account of both the formation and oxidation reactions. In a diffusion
flame, soot production is inextricably linked to the flame structure through its
impact on the flame temperature. Predication of soot concentration remains
amongst the greatest challenges to researchers involved in combustion
science and engineering. Advances are hampered by uncertainties in the
fundamental rates of reactions such as O; oxidation and surface growth.
Nevertheless, some useful predictions regarding soot formation have been

obtained from relatively crude models.

As mentioned earlier, there are three classes of models available for the
predication of soot production. The first one is based purely on empirical
correlation. In a premixed flame, soot begins to form at a critical or threshold
equivalence ratio, ¢., where the equivalence ratio is defined as the

fuel/oxidizer ratio divided by the stoichiometric fuel/oxidizer ratio
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(¢=(F/0O)/(F/O)gyi)- For a diffusion flame, the onset of soot emission is
gauged by a sooting height, defined as the flame height at which soot is
emitted. Calcote and Manos (1983) proposed the use of a threshold sooting
index (TSI) as a means of absorbing all system and burner dependencies from
measurements of the sooting tendency of fuels. The TSI is defined by these

authors as

TSI=a-bp. , 1.7)

where the apparatus dependent constants a and b were determined by
calibration. The TSI method has later been further developed by other
researchers such as Gill and Olson (1984) and Olson et al. (1985). Gill and
Olson (1984) adopted the TSI definition of Eq. (1.7) to predict soot thresholds
for fuel mixtures by using individual TSIs of each component and then

combine them to the mixture TSI was obtained through the relation of

@D SImix = 3 X, (1.8)
]

where X; is the mole fraction of species j. Olson et al. (1985) extended the
threshold soot index to laminar diffusion flames for a wide variety of fuels.
The TSI approach appeared to be useful in assessing the sooting tendencies of
various fuels and stoichiometries by being able to account for the variations
in the measured smoke point heights to different apparatus and flow
configurations. Other researchers, such as Takahashi and Glassman (1984)
and Harris ef al. (1986) used a critical C/O ratio as the defined onset of sooting
in premixed flames and found that the sooting tendency of a fuel is a function
of its flame temperature, the C/H ratio, and the number of C atoms, but not

the structure of the fuel. The critical C/O ratio is defined as the ratio of the
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stoichiometric oxygen requirement to the actual experimental value at the
sooting limit on the base that the carbon and hydrogen atoms in the fuel are
completely converted to carbon monoxide and hydrogen molecular,
respectively. These simple analyses yielded excellent correlation to the

experimental data.

The second category of soot modeling are the semi-empirical models that
attempt to incorporate aspects of the physics and chemistry of soot formation
phenomena into the experimental data. This usually leads to the
development of rate equations for the reactions yielding the production of

soot precursors and soot particles by a simple description of chemistry.

This second approach was first adopted by Tesner and co-workers (Tesner
et al., 1971) who presented a model of soot formation that has been widely
employed over the years. They interpreted their measurements of soot
formation within an acetylene-hydrogen flame in terms of a simple kinetic
model, then proposed a two-step mechanism that described the formation
rate of soot nuclei and the particle number density. This model was
subsequently modified to multiple-step reactions to describe the production of

carbon black.

Hiroyasu et al. (1983) later proposed another soot model that considered
the net soot formation rate to be the difference between the rates of its

formation and oxidation, given by

dmg /dt=(dm5f/dt)—(dm5c /dt) , (1.9)

where mg is the total mass of soot particles, mgs is the mass of soot formed,

and mg. is the mass of soot oxidized. The formation of soot is assumed to
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follow a first order reaction characterized by the concentration of fuel vapor
while the oxidation of soot is controlled by a second order reaction depending
on the concentrations of soot and oxygen. Accordingly, the soot formation

and oxidation reactions were described by the following rate equations:
dmgs /dt = Armg PO exp(~Egf /RT) (1.10)
dmg, /dt=A.mg(Po, / P)P*®exp(-Es. /RT) (1.11)

where mf; is the mass of fuel vapor, P is the system pressure, Po, is the partial
pressure of oxygen, R is the universal gas constant, and T is the gas
temperature. The values of activation energies were given by the authors as
Esf=1.25x10% kcal/kmol and Eg; = 1.4x10% kcal/kmol. Afand A, are the pre-
exponential constants that can be determined by measuring the soot content

in the exhaust.

Delichatsios (1994) also developed a model that included a scaling of soot
formation with flame height and pressure. His model focused on the
evolution of soot along the axis of a laminar diffusion flame. The transport

of soot was described by

pu(dYs/dx)=1ws |, (1.12)

where Y is the mass fraction of soot, p the gas density, u and axial flow
velocity, and x the spatial coordinate in the axial direction. The reaction rate
wg is a function of the mixture fraction, Z, temperature, T, and the initial fuel

mass fraction at its source boundary, Yr o, given by

. -z E
Wwg = APZ(YF,O f- z, Jexp(—ﬁ) (113)
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for Z> Z*, and wg =0 for Z < Z*, where A is the pre-exponential factor. The

mixture fraction, Z, is defined as
Z=(B-Po,)/ Bei-Boo) (1.14)

where the variable B is defined as B8 =Y /(VveWE)-Yp / (voWp), with W the
molecular weight and v the stoichiometric coefficient (Williams, 1985). The

subscripts 1 and O refer to the boundaries where the fuel and oxidizer are

supplied, respectively. At the fuel boundary, Yr =Yr; and Yp =0 such that
B=PBp1and Z=1. Similarly, at the oxidizer boundary, Yr =0 and Yo=Y
such that f=8p g and Z=0. The values of Yr; and Yp g are controllable

and the boundaries may be infinitely far away from the flame.

The model was built on the assumption that soot growth was solely
controlled by the availability of gaseous soot formation species such as
acetylene. The maximum soot mass fraction was assumed to locate at the
flame tip where Z = Zy; in which Zg; is the value of the mixture fraction at the

stoichiometric condition.

Kennedy et al. (1990) attempted to use only a single equation, namely
the conservation of soot volume fraction, to predict soot formation in a
circular, laminar diffusion flame, and then apply it to model soot production
in turbulent diffusion flames. In his model, mixture fraction is the primary
quantity that is calculated and other quantities, such as temperature, density
and gas composition are determined as functions of the mixture fraction. The
soot volume fraction is a function of the rates of nucleation, surface growth,
and oxidation reactions that are functions of the mixture fraction. The

conservation equation for soot volume fraction, fy, is thus

13
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19 . . .
puéfa—;—c’; +p(v+ VT)%rK = 7;(rpD5 %K) +pwy + plg —po (1.15)

where w, and w, are the rates of soot formation via nucleation and surface
growth, wp the rate of soot oxidation, u the axial velocity component, x and r
the spatial coordinates along the axial and radial directions, u and v the flow
velocity along the x and r directions, and Dg the diffusion coefficient of the
soot. In addition, VT is the thermophoretic velocity in the radial direction

with the expression given by Talbot et al. (1980) as

Vk JT
Vr=-0.552%— , 1.16
T 5 T 2 (1.16)

where v is the kinematic viscosity of the gas. The soot volume fraction
equation is integrated along with the other conservation equations through a
detailed numerical procedure to obtain the soot content. Good agreement
was obtained between this model and the measurements for two different
experimental conditions. The success, however, was limited to ethylene

flames.

Said et al. (1997) subsequently removed the limitation by postulating
the existence of a hypothetical intermediate species between the fuel and soot.
In reality, this hypothetical species could be associated with acetylene. A two-
equation model that describes the soot formation and oxidation processes was
adopted to predict the soot volume fraction in a laminar diffusion flame. The
first equation provided the rate of formation and oxidation of the
intermediate species, while the other yielded the production rate of soot as a
result of the competition between the formation of soot from the

intermediate species and the soot oxidation.

14
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Moss et al. (1988) also proposed a flamelet approach to model soot
formation in diffusion flames. The complete transport equations were
considered in this model. Two additional equations that govern the balance

of the number density of soot particles, n, and the soot volume fraction, fy,

given by
d(n/ Ng)/dt =a(Z)-B(Z)n/Np)* (1.17)
ps(dfy /dt)=y(2Z)n+6(Z) , (1.18)

were included. In these equations, No is the Avagadro’s number and pg is
the density of soot taken to be 1800 kg/m3. The first term in the right-hand
side (RHS) of Eq. (1.17) represents the increase in the number of soot particles
because of particle inception and the second term accounts for the loss of
particles as a result of coagulation. Similarly, the first term in the RHS of Eq.
(1.18) represents the increase of soot volume through surface growth, while
the second term describes the increase of soot volume caused by nucleation of
new particles. The source terms (,fB,7,8) were given as functions of the
mixture fraction and temperature. The various constants in these

expressions were determined from experimental measurements.

The impact of soot radiation on the flame structure has also been studied
by using a semi-empirical soot formation model. Kaplan et al. (1994) used a
rather complete radiation model in their calculations of a laminar ethylene
diffusion flame. Their model accounted for and included the radiative
emission of CO2, H2O and soot. Experimental data were used to estimate the
absorption coefficient of these species. In their formulation, the model of

Moss et al. (1988) was adopted such that Egs. (1.17) and (1.18) were used to
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describe the soot volume fraction and the soot number density. Oxidation of
soot was attributed to the reaction with O,. A detailed description of the
conservation of mass, momentum, energy and species number densities has

been formulated.

Kennedy et al. (1996) modeled a sooting and a non-sooting circular
laminar jet flame with radiation. The governing equations in the boundary
layer were solved with the assumption of a flow without axial pressure
gradient. The radiative heat loss included in the energy conservation
equation is considered to be caused by soot emission in an optically thin
flame. Radiation from other species was neglected. The transport equations

governing the mass fraction of the N -2 species for this study were given by

AL pvU Ny _ —li{rpy,,v,,} +M,w, , (1.19)

pou dx ar r or

with the (N - 1)th species being the soot and the N th species being N3, where
V3, is the diffusion velocity, Y, the mass concentration, M, the molecular
weight and w,, the reaction rate, of species n. The explicit expression of the
equation for the soot mass fraction, Yg, is

s  dYs
ax P

19
pu == ArPYsVs}+0S(Ys, T. Y1, Yo, You N) .

(1.20)
where the main component of Vs is the thermophoretic velocity Vr given by

Eq. (1.16), and N is the total number of species. The source term in Eq. (1.20)

includes the contributions of soot nucleation (,,,.), soot surface growth (w,)

and soot oxidation (wp), that is,

5(Ys,T, YC2H2 ’YOZ Yo N)=tw,,q + Zi)g -wo - (1.21)
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The soot may be oxidized to CO by Oz or OH . The early soot formation model
by Kennedy et al. (1990) used an average number density to obtain an estimate
of the soot aerosol surface area. This more recent study by Kennedy et al.
(1996) followed the approach of Fairweather et al. (1992) in solving the
equation for the number density of particles. The primary difference between
the works by Kennedy et al. (1996) and Fairweather et al. (1992) is that the rate
of the soot surface growth used by Kennedy et al. (1996) was doubled from that
of Fairweather et al. (1992) to yield an adequate representation of the
measured soot volume fractions in the flame. Kennedy et al. (1996) observed
from their study that the flame structure could have a significant

consequence on the formation of soot in a diffusion flame.

Extensions that include detailed reaction kinetics into a model for soot
formation and radiation permits the examination of concerns regarding the
impact of the soot processes on flame chemistry that cannot be addressed by

experimental investigations alone.

The third category of soot models are the ones that employ detailed
chemistry. These models were developed because those that rely on
empirical inputs to soot nucleation, growth and oxidation rates are limited to
specific conditions and cannot be extended to conditions far from those under
which the rates were measured. Such variations include different fuels or

different combustion pressures.

Early works on the development of these types of soot models were
performed over the last few decades and focused on the description of soot

formation in laminar premixed flames (Frenklach and co-workers 1984, 1990,
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1994). The chemistry describing the soot formation can be thought as
consisting of four major processes: (1) initial PAH formation, which includes
the formation of the first aromatic ring in an aliphatic system; (2) PAH
growth, comprised of replicating-type growth; (3) particle nucleation,
consisting of coalescence of PAH into three-dimensional clusters; and (4)
particle growth by coagulation and surface reactions of the forming clusters
and particles. Recently, Lindstedt (1994) considered a detailed chemistry that
included 242 reaction steps to model the processes leading to soot formation
and particle growth in laminar nonpremixed flames. The reaction steps
include a detailed gas phase oxidation chemistry as well as some simplified
steps for the description of soot nucleation, surface growth and particle
agglomeration processes. The soot nucleation and surface growth reactions
are connected to the gas phase oxidation reactions by assuming that the
location where soot nucleation and growth occurs is characterized by the
concentrations of benzene and acetylene. The reaction mechanisms so
developed were applied to study a wide range of ethylene and propane
counterflow diffusion flames as well as the dependence of soot formation on

nucleation and surface growth reactions.

Lindstedt (1994) also compared the predictions of soot production from
his model against experimental data reported by Vandaburger et al. (1984)
from their counterflow diffusion flame measurements. These experiments
provided measurements of soot volume fraction, particle size and soot
number density across a wide range of conditions. The comparison showed
good agreement only for high sooting flames in which particle coagulation is
rapid. The application of this model is, therefore, limited as with the other
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models.

In addition to modeling, experimental investigations have also been
widely undertaken to study the influence of gas additives and pressure on
soot formation in diffusion flames (Axelbaum et al., 1988, 1990; Hura and
Glassman, 1988; Du and Axelbaum, 1995; Du et al., 1990, 1998). Among the
various possible gas additive effects, the following three categories are the
most important: (a) dilution effect as a result of the reduction in the
concentrations of the reactive species and thereby their collision frequencies;
(b) thermal effect caused by the change of flame temperature as a consequence
of the addition; and (c) chemical effect induced by the active participation of
additives in the chemical reactions leading to soot formation and destruction.
It is understood that the dilution and thermal effects also indirectly influence

the chemical reactivity.

Results of Du et al. (1990) demonstrated that carbon dioxide addition,
either to the fuel or oxidizer, can suppress the soot formation chemistry. The
effect of oxygen addition, however, is more complicated. When oxygen is
added to the fuel side of an ethylene flame, it leads to an abrupt increase in
the soot inception, indicating that the inception chemistry has been
accelerated. The oxygen addition to propane, on the other hand, is initially
suppressive and results in a significant reduction in the soot inception. The
addition becomes promoting as the molar fraction of oxygen approaches 40%.
The effect of oxygen addition to the oxidizer side is almost totally thermal for
both the ethylene and propane flames. Experiments on the inert addition to
fuel by Axelbaum and Law (1990) exhibited that the effect of inert addition is a

consequence of a reduction in fuel concentration (dilution) and temperature
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(thermal), both of which decrease the soot concentration. The relative
importance of dilution and temperature depends on the extent of addition.
When a moderate amount of inert is added, the temperature reduction is
typically very small so that the effect of dilution can be considerably greater
than that of temperature. With a large amount of inert addition, temperature
effects may dominate over those of dilution although in an absolute scale,
dilution effects could still be important because of the low fuel concentration.
The influence of pressure on the sooting limit of diluted ethylene
counterflow flames was later investigated by Du et al. (1998) with pressure
varying between 1 to 2.5 atm. Their results showed that the sooting tendency

is enhanced with increasing pressure.
1.2.3 Summary of the Modeling

Modeling of soot formation in combustion systems requires
approximation at various degrees of simplification. The simplest approach,
taken by engineers in the engine community, is the empirical correlation of
soot production into a function based on engine operating conditions. This
method is useful only for conditions close to those under which the
correlation was performed. As to the more sophisticated numerical methods
that solve the rate equations governing the formation of soot nuclei, particle
growth and oxidation, as well, can only be used for conditions under which
the original data were measured. Recently, a surge of advancement on soot
models featuring very detailed description of the underlying physics and
chemistry was accomplished (Frenklach and Wang, 1994; Yoshihara et al.,
1994; Kazakov, et al. , 1995; Balthasar, et al. ,1996).
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It is remarkable to note that all the above mentioned models have
demonstrated potential for accurate predication of soot production over a
wide range of conditions. As to the effects of flame structure on the sooting
behavior, especially for a diffusion flame, and whether soot production can be
reduced or eliminated in a diffusion flame, the understanding is still at its
infancy. Many experiments have been performed using counterflow and
coflow diffusion flames to study the characteristics of soot production and
significant advances have been achieved. However, interpretations of the
results differ. Du and Axelbaum (1995) experimentally and numerically
investigated the effects of flame structure on the inception of soot precursors
by varying the stoichiometric mixture fraction Zs through the variation of
initial fuel and/or oxidizer concentrations. Their work demonstrated that
soot inception for an ethylene/oxygen counterflow flame can be completely
suppressed, even at low strain rates, by varying the stoichiometric mixture
fraction while maintaining the same, high flame temperature. The strain
rate is defined as the gradient of the axial flow velocity. They found that as
Zst is increased, the flame shifts towards the fuel side and the soot inception
process is retarded, and eventually completely suppressed. In an
ethylene/oxygen counterflow flame, no luminous soot is detected for strain
rates greater than 60 s-! when Zg is larger than 0.16. Comparing to the
ethylene/air flame whose Z; is 0.064 and the critical strain rate above which
soot production is terminated is 175 s~1, there is a significant improvement in
the reduction of soot from combustion devices. For the laminar coflow
ethylene flame, soot free flame was observed for Zs greater than 0.72
regardless of the flame height. For low values of Zg;, the effect of Z;; upon

soot inception is primarily through fuel dilution. For larger values of Zst,
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where the oxygen concentration is significantly increased, the transport of OH

into the fuel side of the flame has a dramatic influence on soot inception.

Lin and Faeth (1996) later studied the effects of hydrodynamics on soot
formation using the similar conditions of Du and Axelbaum (1995), and
obtained similar results. They attributed the diminishment of soot inception
to the change of flow properties, especially the velocity component normal to
the reaction regions. Their results suggested that soot formation in
nonpremixed flames could be controlled by varying the flow velocity normal
to the flame. When the normal component of the flow velocity near the
flame is directed toward the oxidizer side of the flame, the residence time of
the reactants in the fuel-rich region where soot is produced is reduced such
that a lesser amount of soot particles is produced. When these precursors and
particles are transported into the fuel-lean region, they are more readily to be
oxidized and the soot production is reduced. In contrast, when the normal
component of the flow is directed toward the fuel side of the flame, the
motion of soot precursors and particles toward the oxidation region can only
be through diffusion against convection and is primarily blocked, yielding a
longer residence time for soot formation within the fuel-rich region, and a
higher soot production that results in greater soot emission. This conclusion
emphasized the importance of convection upon the sooting processes within
diffusion flames. Lin and Faeth (1996) also extended their experiments by
testing a number of other hydrocarbon fuels including acetylene and the

results were qualitatively similar.

Up to the present, all the models developed have been supported by

experimental or numerical investigations. @ However, the primary
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mechanism responsible for soot inception and suppression has not been
identified. Suppression of soot and PAH may be accomplished by adding
inert gas to the fuel and oxidizer such that the flame temperature is reduced
and consequently, the soot chemistry is retarded. Temperature reduction is
one means of suppressing soot, but the reduction in temperature that is
necessary to completely suppress soot formation weakens the flames to the
extent that they become unstable. The recognition by Du and Axelbaum
(1995) and Lin and Faeth (1996) that there exist conditions in which soot
inception can be completely suppressed at very high flame temperatures and
low strain rates introduces a promising method for the control of soot
inception processes without sacrificing the burning intensity. Identification
of the effects that hydrodynamics, transport and flame structure have on soot
formation in nonpremixed flames is essential in understanding how soot
production can be suppressed through variation of the mixture fraction. This
task can be achieved by theoretical investigations employing simplified

reaction chemistry.
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1.3 Objectives

Recognizing the significance of combustion generated soot on energy
utilization and environmental protection, as well as the importance of
hydrodynamics and transport on the formation of soot particles within
nonpremixed flames, the objective of this study is to identify and characterize
the parameters that affect the soot production process in such flames.
Theoretical approaches that employ activation energy asymptotics will be
adopted to study the effect of various controlling mechanisms on the soot

inception process.

To facilitate the analysis, the reaction kinetics needs to be sufficiently
simplified, yet still includes important steps that describe the inception and
oxidation of soot precursors such that the coupling between soot inception
and flame structure can be assessed. Following the understanding gained

from the literature discussed earlier, a simplified three-step model given by

ve1F+vp10—> vp1 P+ vwgR (R1)
Vo F+VRR—> vsS (R2)
vsS+vp30— vp3P (R3)

is adopted. These reaction steps respectively represent the oxidation, soot
precursor formation, and soot precursor consumption reactions. This scheme
yields three distinct reaction zones. For the oxidation reaction (reaction R1),
fuel (F) and oxidizer (O) are consumed in an oxidation region to produce final
products P and radical R (e.g., H). Part of the radical produced is transported
toward the fuel side and reacts with the fuel (reaction R2) to produce the

soot/precursor S in a formation region adjacent to the oxidation region. Part
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of the soot precursor subsequently penetrates through the oxidation region,
and reacts with the oxidizer (reaction R3) in a consumption 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 hereforth be the representation of soot without considering the soot

growth reaction.

The study will include the following tasks for two flame geometries, the
counterflow diffusion flame and the spherical diffusion flame stabilized by a

spherical porous burner.

1. Formulate the conservation equations that describe the oxidation, soot
formation and soot consumption reactions following the reaction kinetics

described above.

2. Solve the conservation equations by high activation energy asymptotics
to yield analytical solutions of flame temperature, flame standoff distance

and soot concentration.

3. Develop a FORTRAN code to perform numerical calculations to obtain
values for the variables solved in 2, and other flame responses as
functions of the controlling parameters. Detailed information on the

flame responses and controlling parameters will be identified later.

4. Investigate the effect of hydrodynamics, transport and flame structure on

the soot inception and consumption processes.

5. Identify approaches to suppress soot production for diffusion flames.
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CHAPTER 2

COUNTERFLOW DIFFUSION FLAMES

A counterflow diffusion flame is generated by impinging a fuel stream
supplied from x — -, where x is the axial spatial coordinate, with a
temperature T-- into an oxidizer stream supplied from x — o« with a
temperature Te, similar to that of Lifidn (1974). This flame configuration has
been widely employed in combustion experiments because of its geometric
simplicity. It allows the isolation of many controlling parameters such that
the effect of each parameter can be assessed individually. In theoretical
studies, the problem can be formulated based on conservation laws and
analyzed both analytically and numerically. Comparison between theoretical
and experimental results can also be made to characterize the flame behavior

under specified conditions.
2.1 Formulation

The three-step, simplified reaction scheme introduced in Chapter 1 and
expressed in Egs. (R1) - (R3) is adopted to describe the chemistry with the rate
of each of these reactions following second-order Arrhenius kinetics. To
facilitate the analysis, the properties of the gas including the gas density p,
thermal conductivity A and the mass diffusion coefficient of all the
components, Dj, are considered to be constants so that the flow field is an
irrotational potential flow. This simplification allows for decoupling of the
continuity and momentum equations from the energy and species equations
so that only the latter need be solved. The result agrees qualitatively with

that obtained from the analysis when properties vary with temperature.
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Since only qualitative behavior is interested, the more involved variable-
property approach does not possess additional scientific value and is avoided.
Because the soot formation reaction (reaction R2) is only slightly
endothermic, it is assumed that this reaction is thermally neutral. Moreover,
since the effects of mass diffusion of the fuel and oxidizer are already well-
known, they will not be considered in this study. Thus the Lewis numbers of
the fuel and oxidizer, where the Lewis number is defined as the ratio between
the thermal and the mass diffusivities, are taken to be unity for simplicity in

the analysis.

With the above assumptions, the conservation equations are given by

dT d{.,dT pr)(pYo]
A—|=vE W —= || = |exp(—E{/T)
pucy —— dx( 7 x) VF1 PqF,lBl( W )\ Wo xp(-E;

Y,
+Vsqus,333(%V¥§-J(‘%lJ exp(-E3/T) , 2.1)

de d dY[: pY; pYO
ZF_ 2 T E v W P F|EO -E /T
pu—- (PDF xJ VE1 FBI( Wr )\ Wo exp(-E /T)

d dx d
-ve \WgB (pYFYEL&\eXP(—Ez /T) (2.2)
E2TER (W A\ WR )
dYo d dYp fpyp‘(pyo
-2 2O -y W £ EIEO -E; /T
pu Tx dx(pDO dxj Vo OBl W[.’) WO eXP( 1 )
st) PYo)
—vp sWpB exp(-E3/T) , (2.3)
0,30 3(Ws W
dYgr d dYg PYE pyo)
-2 pDr =B | = vgwgBy| E-E | EQ lexp(-E; / T)
pu—- dx(ﬂ Rdx} VR RBI(WF W, xp(-Ey
PYP)(PYR)
-vRWRB exp(-E>/T) , 2.4)
RWR 2(W Wg
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dYs d dYs pYr Y pYr
s _ 21 ,sD2tS (= yaWeB,| PLE | PIR -E /T
pu—- (P de] vsWs 2(WP We exp(—E; /T)

—vgW<Bs (%)(%)Q)exp(—% /Ty 2.5)

which will be solved subject to the boundary conditions:

X —> —oo : T—)T_“, , Y}:—)Yl:,_x ,

Yo—=0 , YgR—0 , Ys—o0 ; (2.6)
X : T->T., , Yg—-0 ,

YO—)YO,N , YR—)O ’ Y5—>O - (27)

In Egs. (2.1)-(2.5), the axial flow velocity is given by u=—kx, where k is the
flow velocity gradient which is also the strain rate. In the above equations T
is the temperature, Y; is the mass fraction of species i, gr,1 is the heat of
combustion per unit mass of fuel consumed in the oxidation reaction, gs,3 is
the heat of combustion per unit mass of soot/precursor consumed in the soot
consumption reaction, p is the gas density, ¢, is the specific heat at constant
pressure, A is the thermal conductivity, D; and W; are the mass diffusivity
and molecular weight of species i, Bj and E; are the pre-exponential factor and
activation temperature of reaction Rj, respectively, v; is the stoichiometric
coefficient of species i and v;; is the stoichiometric coefficient of species i at

reaction R]-.

The nondimensional quantities are defined as

- - v W, ~ vp W
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- - Y
T T __E pe=YE2 . A
qra/¢cp qra/c, VE1 pD;cp
B - s
Dalzpvo; L Da2=pV1:VRBz ) a=E  p=YE
kW kW g E, o
..S _ Vg WS qs,3 _ VO,1Vs B3 v = 1+ \70
ve2WEqE1 VE,2 VR B2 1+vg

where Le; is the Lewis number of species i, Dai the Damkoéhler number of

reaction Rj, a and B the activation energy ratio and Damkéhler number ratio
between the soot/precursor consumption and soot/precursor formation
reactions, respectively, and v, v* some stoichiometric coefficient ratios.
Applying these quantities to the conservation equations and the boundary

conditions, we obtain the following nondimentional equations :

. o o o o o
f%‘*‘—z:g=-D“1YFYOexP(‘El/T)—ﬁsﬁDazYsYoexp(—aEz/T) )
X
(2.8)
- - o o B o
iddl;F +dd-Y2F =Da1YpYpexp(—E, /T)+DayYpYgrexp(—-E; /T) ,
(2.9)
_dYo d*Yo _ 0 o ¢ -
I vz ~DmYrYoep(-E/T)
+B/ V)DayYsYoexp(-aE; /T) , (2.10)
_dYg . 1 d%Yg - o
+ =-Day YrY, -E/T
*az Leg di? a1 YFYoexp(—E, /T)
+(Day / vg)YpYgexp(~Ey /T) , (2.11)
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N ” )
i¥s, 14 YS:—DaZYp?Rexp(—Ez/T)

di = Les dx?
+BDa YsYoexp(-aE, /T) , (212)
and boundary conditions:
x>~ : ToT., , Yp->Yr_. .
Yo-=0 , Yg-0 , Ys—0 ; (2.13)
Foew : T>T, , 17;—>0 ,
Yo-»Yp. , YrR—0 , Ys—0 . (2.14)

2.2 Asymptotic Analysis

In the present analysis, high activation energy reactions are considered
so that all the three reactions are confined to regions much thinner than the
characteristic transport regions. Moreover, the activation energies of the
soot/precursor formation and consumption reactions are assumed to be of
the same order and much smaller than that of the oxidation reaction. As a
result the soot/precursor formation and consumption regions are much
thicker in extent than the oxidation region. The reaction regions are located
near where the maximum temperature is initially attained. Designating the
small parameters € and & to be the ratio of the characteristic oxidation region
to diffusion region, and soot/precursor formation region to diffusion region
length scales, respectively, the solutions are expanded using & and § as small

parameters with 1 » 8 » £ since E1 » E3 is considered as a condition.

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2.1 Outer Solutions

In the chemically inert diffusion regions that are regulated by the balance
between the convection and diffusion transport, solving the source free form
of Egs. (2.8)—(2.12) subject to the boundary conditions in Egs. (2.13) and (2.14)

yields the outer solutions

T~ =T_. +{lar o +8ar 1 +O(8D)]+0(e)} [(3) (2.15a)
T+ =T, +{[a} o + 8aF 1 +O(62)]+0(e)}[2xn - 1(%)] , (2.15b)
YF =Yr .. —[ap g + 8aF 1 +O(86H)]+0(e)}H(%) . (2.16a)
YE ={lat o +6af 1 +O(82)]+0()2x-1(%)] (2.16b)
Y5 =([ap,0+8ap, +O(8°)]+0(e) (%) (2.17a)
YE =Y0,. —{[ad,0 + 851 +0(8%)]1+0(e)272 - [(2)] , (2.17b)
Yi ={lajg + 847, +0(8%)1+0(e)H({JLe; %) , i=R,S , (2.18a)

Y ={lafo+8af1 +O(8)I+O(eN27-I({Le; )], i=R,S
(2.18b)

" 1

where aii:]- are integration constants to be determined. The superscripts

and “+” denote, respectively, solutions within the fuel and oxidizer sides of

the reaction regions, and

I({L?,-i):[_‘g?"iexp(-tz/Z)dt : (2.19)
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2.2.2 Structure Equations in the Soot Formation Region

In the O(8) soot/precursor formation region that is located in the fuel
side of and adjacent to the oxidation region, only the soot/precursor

formation reaction (R2) is significant and only O(J) variation on all the
quantities is possible. Defining the stretched coordinate as { =(J'c—if)/ 6,

where §=T f%o / E; and { <0, and expanding the various quantities as:

T~ =[T;o- 867 -820;7 +O(8%)1+0(e) (2.20)
Y7 =8[®;1 +8 B, +0(8%)]+O(e) , i=FOR , (2.21)
Y5 = @50 +38[®51 +8B5 5, +O0(82)]+0(e) (2.22)

Egs. (2.8)-(2.12) can be expanded and rearranged. Collecting terms of the same

order based on 8, we obtain the following structure equations:
d*®F /dE% = Ay ®F PR 1exp(—-6O7) (2.23)

d*er _ d’d3 _ dPr v AR,
gz dg® dg? Ler agt

_vpdiory 1 &5y ddsp _

= =0 , 2.24
Ler dz2  Les ¢z 1 a¢ @29
.. d*®p5, (d2e5 _ def
v 2 - +i3—L =0 |, (2.25)
Tag (d;z frag
b5, _ dor,) . [ 1 d®®g, _ dPR,
R Tl Bl L4+ X = =0 , (2.26)
(d{z fmag )"l a2 T dg
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[dch;,z ) chE,lJ_‘,,dzdbaz

dCZ +xf dC _dzi_
1 d2®5, _ dbs; ,dP5g)|
+(Le5 d{z +%¢ ac +& ac =0 . (2.27)

In the above equations, Tf,o is the leading order flame temperature and
Ay =83Dayexp(-E, / Tf,o ) (2.28)

is the reduced Damkdohler number of the soot/precursor formation reaction.
The soot/precursor concentration in the soot/precursor formation region is
considered an O(1) quantity since the soot/precursor consumption reaction is
considered to be slower than the soot/precursor formation reaction. Because
oxidizer leaks only in O(g) amounts through the oxidation region into this

region, ®p 1 =0 is a required condition.
2.2.3 Matching of Solutions in the Outer and Soot Formation Regions

The required boundary conditions to solve the structure equations in the
soot formation region can be obtained from matching the solutions in the
soot formation region with the outer solutions from the fuel side in the

common region between these regions.

Matching can be performed by first substituting the stretched variable

X=%r+6{ into the outer solutions, expanding the resulting equation in

terms of §, collecting the terms of the same ordering, and then equating the

transformed outer solutions with the solutions in the soot formation region

in the limit of {— —e and ¥ - ;. The procedure will be illustrated by the

matching of the temperature solutions in the following. Applying the
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stretched variable, Eq. (2.19) is first expanded to
I(\/Le; %) =I([Le; %)+ 8+[Le; exp(~Le;%F / 2)§
—~82[const + Le}/ 2% exp(~Le;xF / )42 /2]+0(8%) . (2.29)

Next, substituting Eq. (2.29) into Eq. (2.15a), rearranging in terms of 6 and

equating the resulting expression with Eq. (2.20) as { — —e, we have
T~ =[T_.. +a7,ol(%p)]+ 8lag 11(%f) +aF o exp(-%F / 2)¢]
+62[const +ar, exp(-i]% /2) —afloa'cfexp(—i} / Z)C2 /2] +O(53)

={[Tf,0-867 - 8% 07 +0(8%)]1+0(&)}¢s-ue - (2.30)

By comparing terms of the same order in §, the following results are obtained:

Tro=T w+arol(¥) or aro=(Tf0-T_=)/I(%) (2.31)
O7 (§ — —eo) = —aT 1 [(¥¢)-aT gexp(-%F /2)¢ (2.32)
(403 / d)g—s—v) = eXP(~Xf / (0T 1 +aT0%£E) - (233)

Other matching conditions can be derived through the same process,

yielding
afo0=Yr o /I(%f) , (2.34)
40,0 =40,1=4R,0=0 , (2.35)
DF1(§ > —=)=—af 1 [(%f)-aFgexp(- % /2) ¢ (2.362)
(dDF 2 /dE) ;o =exp(—%F / 2)(—aF 1 +aF,0 %) (2.37)
(dDo2/d8)¢y-0u=0 (2.38)
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OR 1(¢ ——=) =ag 1 [(JLeg ) (239)

(dDR2 /dE);—s—w =aR,1\/Leg exp(—Leg ¥ /2) (2.40)
Ps5,0(§ > —<)=a5gI(yLes Xf) , (2.41)

@5 1({ - —o=) =a51 I(Les %) +asg[Les exp(~Les ¥ /2)¢ ,  (242)

(D55 /d8) ;o =+/Les exp(—Les ¥} /2)(a51 —a50Les X, ) . (243)
Equation (2.36a) also implies

(APF1/d8) ;s =—aFoexp(—%F/2) . (2.36b)

Integrating the four expressions in Eq. (2.24) twice and Egs. (2.25)-(2.27)
once subject to the matching conditions in Egs. (2.32)-(2.33), and (2.36)—(2.43),

we obtain
Ds g =agol(+/Les if) ’ (2.44)
or =-ar 1 1(¥f)-ar gexp(-%7 /2)¢ (2.45)
- VE p— S VE - = - =2
CDF,I_E‘Z:;‘I’R,I=‘al-‘,1[(xf)-zvél:;a1{,ll(\/l'ek Xf)—apoexp(—=%7/2)¢ ,
(2.46)
V - 1 Ve - - 1 _ -
%45&1 * Teg P51 =EeP:aR,II (Ler %f) t e st (+JLes %f)
_ exp(-Leg%%/2)
e 247)
~. ddg de; . __ -
Pds d‘g'z-( dCz +xf61)=a-r,1['-(l) , (2.48)
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(d‘:?z +p q>;,1]- Ve [L%Rd:‘g'z +if cbﬁ,l)
=—apy I (1)-vpaga I (Ler) . (2.49)
(d‘f?z 5 "’ﬁlJ ( L%S d:'?z s "5'1}““"1:?2
=a5, I (Les)—ag, I (1) , (2.50)
where
I (Le)=[exp(—Lex} /2) /VLel+ % I(NLe%f) . (2.51)

2.2.4 Structure Equations in the Soot Consumption Region

In the O(&) soot/precursor consumption region located adjacent to the
oxidizer side of the oxidation region, only the soot/precursor consumption
reaction (R3) is important. Because E; and E3 are of the same order, the same

stretched coordinate =(J'c—if)/ é is used except that { >0 in this region.

The expansions of the various variables are:

T =[Tfo-66f -5203 +0(5%)]+0(e) , (2.52)
Yf =8[®} +6 b, +O(8%)]+0(e) , i=F,O,R , (2.53)
YE = o +8[DE, + 8 D5 +0(6%)]+0(e) (2.54)

which are similar to Egs. (2.20)—(2.22). Because only an O(€) amount of the

fuel leaks through the oxidation region, @f =0 is a required condition.
Substituting Egs. (2.52)—(2.54) into Egs. (2.8)-(2.12), expanding and collecting

the terms of the same order in §, we obtain the structure equations:
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d2@h 1 /A2 =A3 B @Y 1exp(-a6]) (2.55)

o3y _ddgy _ - A0S, _d’ef

ng - d{Z - d;z dgz
d2¢+ + Ad2¢+
-2 §'1+52fd¢5'0 -v—2L=0 , (2.56)
Les d¢ .14 ag
dch;:-z 1 d2¢§2 d¢§1
=y =+ X = i=0 , (2.57)
a2 FlLer a2 " STaC
_ (a5, _ dopy)| (d2eF . def
1% L+ X = |- + =0 , (2.58)
d2 + 2 5+ + +
¢§,2+ 1 d ¢§’2+ifd¢5'1+;d¢5’0
d¢ Les d¢ d¢ d¢
N L
—v{ d{z +Xf ac =0 , (2.59)
where
A3 =(8%/V)BDayexp(-aE; / Tf,) (2.60)

is the reduced Damkdéhler number of the soot/precursor consumption

reaction.
2.2.5 Matching of Solutions in the Outer and Soot Consumption Regions

Boundary conditions required to solve the structure equations in soot
consumption region can be obtained by matching the solutions in the soot
consumption region with the outer solutions in the oxidizer side. The

procedure is similar to that described in section 2.2.3 and illustrated in Egs.
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(2.29) and (2.30) except that { — = in this region. Upon matching, we obtain

Tro=Tw+atolc() or afg=Tf0-Tu)/Ic) ,

0f (§ — =) =—af 1 Ic(1)-af gexp(-%F /2)¢

(dOF / d8) s =exp(-3F / 2)(aF 1 —aF 0 %)

abo=Y0.u/Ic) ,

afg=afr1=ago=0 |,

D51(§ > =)=-a 1Ic)+aboexp(-%F/2)

(ADE,2 / AE)¢ e =exp(—%F /2)a5 1 - 5,0 % E)

(dPE2/d8)r500=0

Df 1(§ > =) =ag 1Ic(Leg) ,

(dDk,2 /dE)g s =-af 1\Leg exp(~Ler i} /2)

%08 > =)=adglc(Lles)

®E1(§ - =) = a5 1 Ic(Les) —ad o\[Les exp(~Les XF /2)¢

(dDE3 / A8) s =+[Les exp(— Les 37 / 2)(—ak1 +ad g Les % {)
Equation (2.66a) also implies

(dDE,1/dE)¢ s =ab pexp(—%F / 2)

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

(2.66a)

(2.67)

(2.68)

(2.69)

(2.70)

(2.71)

2.72)

(2.73)

(2.66b)

Integrating the four expressions in Eq. (2.56) twice and Egs. (2.57)-(2.59)
once subject to the matching conditions in Egs. (2.62)—(2.63) and (2.66)-(2.73)

yields
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D50 =aiolc(Les) (2.74)
D1 =ag1lc(Leg) (2.75)

Vs 5,1 - OF = (aF1 - Visad 1) Ic (V) +(Vgsab0 —aT,0)exp(-%F /2) ¢

(2.76)
o, . al .
Lj; Vo5, = %’;Ic (Les) + Vad 1 1c (1)
a0 exp(~Les %} / 2) / Les + Vad gexp(—%F / 2l¢ . (2.77)
d(p;:-z - 1 d¢§ 2, = + - 4
= — e £ ] =V I'(Le ’ 2.78
ac V‘{Lek ac +xrPRr1 rFarl" (Ler) (2.78)

_(dog, . iot 3

d¢ 14
(2.79)
ddf, (1 dPSy - o | [dPEa . .
dC +(Les d; +xf¢5,l | 4 dg +Xf¢o’1
=—a& I (Les)-Vvap (1) , (2.80)
where
Ic(Ley=+2m—I(VLe %) (2.81)
r‘“(Le):exp(-Lei-}/z)/ Le-%fIc(Le) . (2.82)

2.2.6 Structure Equations in the Oxidation Region

In the O(e) oxidation region, only the oxidation reaction (R1) is

significant. The proper stretched coordinate is defined as §=(i—if)/ €
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where =T} /Ey, and the expansions of the variables are

T=T;-€[6,+86,+0(89)]+0(e?) , (2.83)

Yi=el¢;1+6¢;2+0(8H)]+0(?) , i=F 0 , (2.84)

YR =[60r 0 +O(62)]+elpr 1+ R 2 +O(6D)]+O0(?) (2.85)

Ys=[Ys0+80s,0+0(86%)]+elds 1 + 805 2 +O(82)]+0(e?) (2.86)
where

Tr=Tfo—-8Tf1+0(8%) . (2.87)

Substituting Eqs. (2.83)-(2.86) into Egs. (2.8)—(2.12), expanding and collecting

terms of the same order in ¢, we obtain

d2Yso/dE* =d’ gro /dE2 =d 959 /dEX =0 (2.88)

d*(¢r1-61) _ d*(¢p1-00.1) _ d® ( p ¢R,1)
= F1t

d&E? de? T de? Leg
=%+Lesifd§2'°=o , (2.89)
d2(pp,—62) d*(¢p2-9002) d> #Rr,2 dor.o
a2 - tegton oo 2o g0
=dz‘?2’2+[.esxfd—:s?’o—=0 . (2.90)

A structure equation similar to that of Lifidn (1974) can also be derived,

but it will not be presented because it is not of direct relevance to this study.
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2.2.7 Matching of Solutions in the Oxidation, Soot Formation, and

Consumption Regions

The required boundary conditions to solve Egs. (2.88)—(2.90) are derived
from matching the solutions in the oxidation region with those in the
soot/precursor formation and consumption regions as £ —*e and {—0.
Matching can be performed by first letting { =(&/ §)&, substituting into the
solutions in the soot/precursor formation and consumption regions,
expanding the resulting expressions for proper ordering, and equating with
the solutions in the oxidation region. Following this procedure, any variable,
A({), in the soot/precursor formation or consumption region can be

expended as
A(8) =[A49(8) + 841(8) + 5% 42(£) + O(87)]+ O(e)
={[40(£ =0)+O(e / 8)1+ 8[A1(§ =0)+(dAy / d)=o(€ / 8)+O(e / 8)°]
+82[A(8 =0)+(dAy / dE);_o(e€ / 8)+O(e / 8)*1+0(8)} + O(e)
=[40(£ =0)+84,(£ = 0) + O(8?)]

+e{const +[(dAy / d8)g-g + 8(dAz / d8) - + O(8)]E}+O(£2)
(2.91)

Taking the matching of the temperature solution as an example, by

substituting Eq. (2.91) into Egs. (2.20) and (2.52), we have
T* =[Tf,0 - 86F - 5203 +0(8%)]+0(e)
=[Ty0 - 86{(f =0)+0(5%)]
+e{const - [(dOF / d0)r-g +5(dOF / dl)r_o + O(8))]E}+O(?)

=([Tf,0 - 8T +O(8)] - £[6; + 86, + O(82)]+ O(e* gt - (292)
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Subsequent substitution of Eq. (2.45) with { =0 into Eq. (2.92) yields,
Tr1=07(5=0)=6{(=0)=-ar,I(%f) . (2.93)
(d6;/dE)g 510 =(d6F /dl) o, j=12 . (299)

Application of the same matching procedure to other variables then gives

Pr1({=0)=0 , (2.95)
®51(£=0)=0 , (2.96)
ar 1 I(%f)=(at1-Visap 1) c(1) (2.97)
Ys0(§ > —)=a5ol(Les %¢) (2.98a)
Yso(&—>o)=aolc(Leg) (2.98b)
OR,0(& = —=)=ag,1 I(\Leg %)+ ap 1 (Ler / Vg)I(%f) (2.99a)
¢r,0(E > =) =ag1Ic(Leg) , (2.99b)
$s5,0(& > —)=ag 1 [(\[Leg &) —Les ap 1 [(¥f) (2.100a)
¢s,0(& > oo)=ag 1Ic(Leg)+ VLesab1Ic(1) (2.100b)

(d¢i,j/d§)§_,tw=(dd>fj/d§)§__.o , i=F,O,R,S , j=1,2 . (2.101)

Equations (2.44), (2.46), (2.47) and (2.74)-(2.77) have been used in the
derivation of Egs. (2.97)—-(2.100).

Integrating the three expressions in Eq. (2.88) twice and the four
expressions in each of Egs. (2.89) and (2.90) once subject to Egs. (2.94), (2.98)-
(2.101) we obtain

4?2
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Yso=®50=0%y , (2.102)
OF[a},I Ic(Leg)—ag 1 I(\Leg if)]=a;,1 Leg I(%f) (2.103)

Les[a;,ll(:’cf)+oaalrca)]:ag,ll(,/Lesif)-ag‘,llc(LeS) , (2104

(AD51/dl)rco=(dDPE1/d) 0 (2.105)
(ADF1/dE) o +(d6F /dl)rp +aT gexp(—%F /2)=0 (2.106)
(APE1/dl)rg+(d DS /dE)r0=0 (2.107)
Leg (dPF1/d) oo +(dPR1/dE)0=0 (2.108)

(ADBF2/dE) o —(dDE 2 /dE)e=0=(dOF /d)po0 ~(dOF /dl)rep
(2.109)

(ADPE/d8)emg—(ADE 3 /dE)p—g=(dPp,2 /A0 — (P2 /A0 .

(2.110)

Leg[(d®F 2/ d0)g0 - (dDF 2 / dE)go0]
=(dDPR2/d8)r=0—(dDPR2/dE)z=0 (2.111)
(AP35 /dE)pao =(dPBE, /A0 - (2.112)

2.2.8 Completion of the Analysis

To complete the analysis, Eqs. (2.46), (2.47), (2.76) and (2.77) are
differentiated with respect to { to yield

4

14

(PF 1 -LVTP‘PE;) =—afoexp(-%f/2) , (2.113)
R
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= = — =2
VE dqu,l + 1 d¢5’1 —as EXP(-LBS Xf /2)

= , 2.114)
Leg d¢ Les d¢ > |Les (
.. ddg N -
s dg'l-dfg =(Vgsado-atglexp(—%F/2) (2.115)

1 dP5, 495, _
Les dC dé'

a2 gexp(~Les £ /2) / |Tes + Pab g exp(~i} / 2)]

(2.116)

Application of Egs (2.34), (2.107), (2.108) to Eq. (2.113) then gives
(ADE1/dE) =0 =—YE,—wexp(-%F /2)/[(1+ VE)I(%f)] (2117)
(d®E1/d8) ;=0 =Y, —mexp(-%7 /2)/[(1+ Vp)I(Ff)] . (2.118)

Next, substitution of the Eqgs (2.31), (2.61), (2.64), (2.106), (2.117) and (2.118) into

Eq. (2.115) and rearranging terms, one obtains

70T Tf0~Te 1-9Gs VP ;o YO (2.119)
I(%) Ic(1) 1+vp I(%y) IcQ

Moreover, by combining Eqs. (2.44), (2.74), (2.102), (2.105), (2.114), (2.116)—
(2.118), we further have

+ o |Les - |V Yrw Yo Les—1) %f /2
asloﬁv\/;I(\/Es_xf)[ I(%f) Ic(1)}exp[( M (2.120)

o fLes = V*Yr, w Y0, _1y32
YS,O =V —27 I( Les xf)Ic(Les)[ I(ff) Ic(l)jlexp[(Les I)Xf /2]
(2.121)

Equations (2.119) and (2.121) determine the leading order flame temperature,
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Tf,o: and soot/precursor concentration in the oxidation region, 175,0, in terms
of the flame sheet location, ¥¢, respectively. Finally, substitution of Egs.
(2.48)-(2.50) and (2.78)—(2.80) into Egs. (2.109)-(2.112) and rearrange provide

two additional relations

-, vgs—1 _ o
[“T,l + 115"’? am]l“ (1) =—(at 1 — Vsad ) I (1)
—9p YA Lag I (Leg) +ag 1 TH(Lep)] ,  (2122)
1+ v ’ ’

o[ vag T (W - ab 1T (V] =517 (Les) + ag 1 (Les)]

~v(1-v)[ag T (Le)+af T (Lep)] - (2123)

2.2.9 Rescale of the Structure Equations for Numerical Computations

The two structure equations, Eq. (2.23) in the soot formation region and
Eq. (2.55) in the soot consumption region, need to be solved numerically.
Equation (2.23) with @] and @ ; given respectively by Egs. (2.45) and (2.46) is
to be integrated subject to the four boundary conditions specified in Egs.
(2.36a, b), (2.95) and (2.117). Similarly, Eq. (2.55) with @] given by Eq. (2.76)
and @¢, given by Eq. (2.74) and (2.120) can be solved subject to the four

boundary conditions in Egs. (2.66a, b), Eq. (2.96) and Eq. (2.118).

The numerical procedure can be simplified by a transformation of
variables. The transformation of Eq. (2.23) is performed by defining the

rescaled variable and parameter as:

N=[YF, -/ I(i’f)]exP(-JTc}Z /2)¢ (2.124)
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- T2 ’ 1zp) Y , E
Ay =Day Leg Ez - exp aflll(if)+if—1.,f—20 : (2.125)

Substitution of Eqs. (2.124) and (2.125) into Egs. (2.45) and (2.46) gives

o1 =—a11 1)~ [(Tfo-T_)/ Yp, =11 (2.126)
@R 1 =ak1[V2r — I(\Leg X¢)]+(Leg / VEXPF1+ 1) - (2.127)

Subsequent substitution of Egs. (2.124)-(2.127) into Egs. (2.23), (2.36a, b), (2.95)
and (2.117) then yields the transformed equation and boundary conditions,

given by

d> 1 /dn® = Ay ®F 1 (ak 1 [V2w~ I(\Leg )] / Leg +(DF 1 + 1) / VE)

xexp{[(Tfo-T_w)/ YE, 1N} (2.128)
Pr1(n=0)=0 , (2.129a)
(dBF1/dn)p=o =-1/(1+VF) , (2.129b)
®F 1(n > —) = Vp{ag 1 (Leg¥p) - a1 (V2w ~ I(Ler ¥()1} / Leg -,

(2.130a)
(ABF1/dN)psw==1 . (2.130b)
Similarly, Eq. (2.55) can be transformed by defining
n={Yo./[N2x- 1G] exp(-3F/2) ¢ (2131)
A3 =PBDay(T 2y / Ey)*\Les /27 I(Les%p)[N2m ~ I(\/Les k)]
X(v*YE o /1(Zf) = Y0, / V27 = I(Zf)])
x exp{a[aill(if) ~Ey /T,0]+(Les=DF / 2} , (2.132)
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which can first be substituted into Eq. (2.76) to give
O =§s V(P51 —n—ar L&) +[(Tf0 - I..)/Yo-In . (2.133)

and then substituted into Eq. (2.55), (2.68a, b), (2.96), and (2.118) along with Egs.
(2.74), (2.120) and (2.133) to yield

d2 ¢+ -~ a T - Too -
0.1 = A3 ¢5’1 exp{—a{ﬁs V¢6’1 +(—f§0—— qs VJ T]:l } , (2.134)

dn?
®51(n=0)=0 , (2.135a)
d®5,1 / dMn=0 ={YF, - [V27 ~I(E)]/[Y0,. (1+ V) I(Zf)]} , (2.135b)
D51(n—>=)=-a5; (V2 -I(ZP)]+n , (2.136a)

(dD51/dN)pse=1 . (2.136b)
2.2.10 Summary of the Analytical Results

The analysis is now complete and the main result is summarized in the
following text. First, Eq. (2.134) is numerically integrated subject to four
boundary conditions in Egs. (2.135a, b) and (2.136a, b). Next, Eq. (2.128) is
numerically integrated subject to four boundary conditions in Eqs. (2.129a, b)
and (2.130a, b). Since there are four boundary conditions for both of these
second order differential equations, four additional boundary conditions can
be used to determine four other unknowns. These four conditions, along

with Egs. (2.97), (2.103), (2.104), (2.122) and (2.123) are used to determine the

flame sheet location, ¥¢, and the eight undetermined constants a%,l: ar 1,

ad 1, aﬁA and agt,l. With the determination of X;, “E,O can be determined
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from Eqgs. (2.44), (2.102) and (2.120) while the flame temperature Tf can be
determined from Egs. (2.87), (2.93) and (2.119).

The maximum soot/precursor concentration, which is located at the
boundary between the soot/precursor formation region and the inert region

at the fuel side of the reaction regions, can be obtained from Eq. (2.18a) as
?g(icf) =(ag,o +6a5,1) [(LesXf)+... . (2.137)

A soot/precursor indicator S| will be used to express this quantity. Similarly,
the soot/precursor concentration at the boundary between the soot/precursor
consumption region and the inert region at the oxidizer side of the reaction

regions is given by Eq. (2.18b) as
Y¢ (xf)= (a&o+8asq)Ic(Les)+... , (2.138)

which represents the amount of soot/precursor that breaks through the
reaction zones into the oxidizer side. The amount of soot/precursor

breakthrough will be expressed by a soot break-through parameter Sp .

In the limit of extremely slow soot/precursor consumption reaction, its
rate is considered an order of magnitude slower than the soot/precursor
formation reaction so that 8= O(é). For this case Eq. (2.134) can be integrated

subject to Egs. (2.135a, b) to yield
@51 ={VF o [N27 ~ ()] / [Yo,.0 (1+7¢) [(Z)1}0 (2139)
Subsequent application of Eqgs. (2.136a, b) into Eq. (2.139) results in a5 1 =0 and
[(%f) =27 YE, oo /[YF oo +(1+ VE) Yo ] (2.140)

for the determination of the flame sheet location. This in turn can be
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substituted into Eq. (2.119) to provide the solution of Tf,Or given by
Tfo=T e +YF (T T #Y0,0) / [V, +(1+ 7p)Yp ] - (2141)

Equation (2.128) still needs to be numerically integrated subject to the four
boundary conditions in Egs. (2.129a, b) and (2.130a, b), with two additional

conditions applied to determine a%,l, ari, aﬁll and ail along with Egs. (2.97),

(2.103), (2.104), (2.122) and (2.123).

It should be mentioned that although the present analysis can be
completed without requiring knowledge of flame extinction state, the analysis
is based on the existence of a diffusion flame. Thus the result of this analysis
is applicable only to a counterflow diffusion flame in Lifidn’s (1974) diffusion
flame regime and for conditions sufficiently far away from the extinction
limit. Experiments have shown that soot and PAH fluorescence are

completely suppressed at strain rates far less than corresponding extinction

strain rates (Du et al., 1988).
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2.3 Results and Discussions

To explore the characteristics of flame response, numerical calculations
were performed using T-—o = Tew =300K, gfF,1 = 10140 cal/gm,
g4s,3 =13500 cal/gm, ¢, = 0.273 cal/gm.K, W = 28 gm/mol, Wp = 32 gm/mol,
WRr =1gm/mol, Wg =36 gm/mol, ve1=1, vp2=0.05, vo,1 =2.9, vo,3 =0.25,
VR = 0.4, vs = 0.05, and E; = 12590K, corresponding to an activation energy of
25 kcal/mol. These values approximate the burning of ethylene/oxygen
flames. Two limiting cases using air as the oxidizer flow will be studied as
shown schematically in Fig 2.1. The first case considers a pure fuel/air flame
so that YF,—o =1 and Y e = 0.233 (Fig. 2.1(a)) while for the second case, all the
inert gas in the air is extracted and diverted to the fuel stream (Fig. 2.1(b)). For
the diluted-fuel/oxygen case, Y0,0o =1 and the value of YF— varies between
0.08143 and 0.08784 depending on the rate of the soot/precursor consumption
reaction. This is because when the rate of the soot/precursor consumption
reaction varies, the oxygen used to consume the soot/precursor is different,
which results in a different amount of inert gas to be diverted to the fuel
stream. The solution contains four parameters «, 8, Ler and Les, which will

be studied systematically.

In this study, the oxidation reaction is considered sufficiently fast so that
it belongs to Lifidn’s diffusion flame regime (1974). By taking the radical R to
be an O(8) quantity, the soot/precursor formation reaction is sufficiently fast
and is also in Lifidn’s diffusion flame regime. Thus the Damké&hler number
of the soot/precursor formation reaction, Daz, cannot be very small. In

addition, the flame sheet location, ¥, is independent of the rates of these two

reactions. However, it varies with the rate of the soot/precursor
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Figure 2.1(a) Schematic diagram of the flame structure for
fuel/air flame in the counterflow diffusion
flame configuration
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consumption reaction, which will be discussed later. The soot/precursor

- 7

consumption reaction belongs to Lifidn’s premixed flame regime.

For the fuel/air flame, all three reaction regions are located on the
oxidizer side of the stagnation plane due to the low initial oxidizer mass
fraction compared to that of the fuel. Thus, as seen in Fig. 2.1(a), the
temperature gradient at the fuel/oxidizer side of the oxidation region is
smaller/steeper and hence the soot/precursor formation region is thicker
than the consumption region due to a broader high temperature region.
Consequently, the soot/precursor formation reaction is favored over

consumption reaction because of the larger residence time.

The soot/precursor indicator S;, which is the maximum mass fraction of
the soot/precursor, is shown in Fig. 2.2 versus the Damkoéhler number of
soot/precursor formation, Da3, for selected values of fand a= Ler = Les = 1.
Unity Lewis numbers are used as reference values for comparison in our
discussion, although they may not be physically realistic. The corresponding
flame temperature, 'f'f, and flame sheet location, Xy, are plotted in Figs. 2.3
and 2.4. The curve for = O(6) in these figures represents the limiting case of
extremely slow soot/precursor oxidation reaction. Although Da2 can be
varied by changing the pre-exponential factor B and the strain rate k, it more
naturally expresses the effect of k, because B is a property and thus is
prescribed with the specification of reactants. The numerical computations
show that for realistic values of B, the results are indistinguishable from the
case where f = O(8) , which shows that the soot/precursor consumption

reaction is relatively weak for fuel/air flames. This is consistent with the
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analysis and discussion indicating that the soot/precursor formation reaction

is favored.

When Daj is increased from a relatively small value, the rate of both the
soot/precursor formation and consumption reactions is increased because of
the increased residence time. This leads to a higher amount of soot/precursor
within the system since the formation reaction is faster than the
consumption reaction. However, a higher amount of soot/precursor yields a
lower flame temperature because the chemical energy stored in the
soot/precursor is not released as thermal energy. The decrease in flame
temperature then slows down the formation and consumption reactions so
that the rate of increase in soot/precursor with increasing Daz actually
decreases. The above discussion is supported by Fig. 2.3, which shows that
the flame temperature decreases with increasing Da2 (indicating a higher
amount of soot/precursor with larger Da3) and the temperature decrease is
slower for higher Da; (indicating a slower soot/precursor increase rate). For
extremely small values of Daj, the value of Sy becomes negative, which is
physically unrealistic and hence the analysis is not applicable. This is

consistent with our earlier statement on the limitation of Da3.

It is shown in Fig. 2.2 that when Daj is increased, Sy increases, attains a
maximum, and then decreases. This behavior seems to violate our
expectation that the amount of soot/precursor should increase with
increasing Day because the soot/precursor consumption reaction is slower
than the formation reaction. However, recognizing that the quantity plotted
in Fig. 2.2 is the maximum soot/precursor fraction and not the total amount,

the observed behavior can be understood in the following way. When Daz3 is
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increased, i.e., the strain rate k is decreased, temperature gradient on both
sides of the reaction region is smaller and the high temperature region is
extended such that the soot/precursor formation and consumption regions
are broadened in extent. The increase in the size of these reaction regions
yields a larger residence time for both the soot/precursor formation and the
consumption reactions so that the amount of soot/precursor increases, as
described in the previous paragraph, and the maximum soot/precursor
fraction, Sj, also increases. In addition, the broader reaction regions and
weaker gradients provide a wider region to contain the soot/precursor, which
tends to decrease the maximum soot/precursor fraction. For values of Daj
lower than the critical value that yields the maximum S, the rate of increase
in soot/precursor is high, as exhibited by the high temperature gradient
shown in Fig. 2.3, so the effect of the increase in soot/precursor mass
dominates over the effect of reaction region broadening, and S increases with
increasing Daj. After the maximum Sj is passed, the rate of increase in
soot/precursor is relatively slow (see Fig. 2.3), and the reaction region
broadening effect becomes dominating and leads to the decrease of S; with

increasing Day.

Indeed, by letting Les =1 and forming an appropriate coupling function,
it can be shown that the integration of the soot/precursor mass fraction over

the soot/precursor formation region decreases monotonically with decreasing

Daj. This suggests that 'f‘f is a more appropriate indicator of soot/precursor

formation and that the increase in Tf with decreasing Da> is an indicator of

soot/precursor suppression.

As noted previously, the effect of B on the system is negligible for
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realistic values of B. Nonetheless, results for two extremely large values,
B =100 and 500, are shown in Figs. 2.2-2.4 to demonstrate trends when there
is a stronger soot/precursor consumption reaction. For large values of 8, Sy
decreases while the flame temperature, Tf, increases compared with small S.
Thus, by increasing B, more soot/precursor is oxidized and more heat is
generated through the consumption reaction. Consequently, the amount of
soot/precursor is decreased and the flame temperature is increased. From Fig.
2.3 it is seen that for 8 =500, there exists a critical value of Das at which Tf
attains its minimum value. For values of Da> higher than this critical value,
the flame temperature increases with increasing Day, which indicates that the
soot/precursor consumption reaction is faster than the soot/precursor
formation reaction so that the total amount of soot/precursor decreases with
increasing Daj. For the same reason a turning point exists for = 100, but at a
much larger Daj. These results obviously violate our original assumption
and should be discarded. This effect exists only because the values of

employed to reveal this are unrealistically high.

Figure 2.4 shows that the flame sheet location, Xy, is positive, meaning

that the flame is located on the oxidizer side of the stagnation plane, which is
consistent with our earlier discussion. Since X does not change with the
rates of either oxidation or soot/precursor formation reactions, it is a constant
when B = O(J), i.e., when the soot/precursor consumption reaction is slow.
For non-zero values of B, the consumption reaction is faster with increasing

Da;. This yields a higher oxidizer consumption rate in the soot/precursor

consumption region and hence ¥; moves toward the oxidizer side for a new

stoichiometric position, so that ¥y increases with Daz. For a larger value of B,
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the soot/precursor consumption reaction is stronger, leading to a greater

oxidizer consumption rate in the soot/precursor consumption region and a

larger X¢.

The effect of diffusion transport of the radical, R, on the soot/precursor
concentration is shown in Figs. 2.5 and 2.6 by plotting, respectively, the
soot/precursor index, Sy, and flame temperature, Tf, versus Daj for selected
values of Leg with Les =1, and 8 = O(8). Recognizing that the flame behavior
is qualitatively similar to that with non-zero B, the special case of = O(J) is
selected for simplicity in numerical computations. Since the radical R (e.g.,
H) is generally light in weight, its diffusion rate is higher than that of the
background gas and hence Ler <1. Figure 2.5 shows that for Leg <1, the
value of Sy is lower for smaller values of Daj, indicating that the amount of
soot/precursor is lower. This result, however, is not conclusive since the
trend reverses itself for larger values of Da;. Nonetheless, Fig. 2.6 shows that
Tf increases monotonically with decreasing Legr, which indicates that the
total amount of soot/precursor decreases with decreasing Ler for all values of
Dajy. This is because the radical diffuses faster for a smaller Leg, which
renders a shorter residence time for the soot/precursor formation reaction
and hence less soot/precursor production. Although the radical
concentration is higher for a lower Leg, which enhances soot/precursor
production, the suppression of soot/precursor formation caused by the
reduced residence time outweighed the promotion induced by the higher

concentration.
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Figure 2.7 shows the diffusion effect of the soot/precursor by plotting Sy
versus Daj for selected values of Les when Legr =1, and = 0(8). The values
of Les are taken to be greater than unity because the soot/precursor is heavier
than the background gas and as a result its diffusion velocity is smaller. The
maximum value of Les is chosen to be 10 because this is sufficient to exhibit
the full impact of Les. The value of Sy increases with increasing Les, which is
expected because the diffusive transport of soot/precursor is slower for higher
Les. As a result more soot/precursor accumulates within the formation
region. Consequently, the soot/precursor concentration is lower in the
consumption region. Since the consumption reaction is very weak for
realistic values of B, and the formation reaction does not depend on the
transport of soot/precursor, the flame temperature and total amount of
soot/precursor are independent of Les. However, it is expected that for
sufficiently large values of B, a larger Les will yield a larger amount of
soot/precursor and a lower flame temperature because the consumption

reaction is weaker due to a lower soot/precursor concentration.

The effect of the activation energy ratio, a, is expected to yield a higher
amount of soot/precursor and a lower flame temperature for higher a values
because the soot/precursor consumption reaction is less likely to occur. This

case will not be discussed further.

For the fuel/air flame considered thus far, the flame is situated on the
oxidizer side of the stagnation plane, and the direction of convection is from
the oxidizer side to the fuel side. The soot/precursor produced in the
formation region will be convected toward the fuel side and appear among

the combustion products. Thus, it has been relevant to discuss the
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soot/precursor content in terms of S;. The quantity, Sp , which represents the
amount of soot/precursor that enters the chemically inert transport region of
the oxidizer side by breaking through both the oxidation and soot/precursor

consumption regions, has not been considered.

The effect of stoichiometric mixture fraction on the soot/precursor
content is now evaluated by redistributing the inert gas without changing the
total enthalpy. Considering the extreme limit that all inert gas in the air flow
is diverted into the fuel stream so that Yo, =1, the flame migrates to the fuel
side of the stagnation plane because of the low initial fuel mass fraction as
compared to the initial oxidizer mass fraction (Fig 2.1(b)). In Figs. 2.8 and 2.9
the soot/precursor index, S;, and flame temperature, 'f'f, are plotted versus
Das for selected values of B with the conditions that a = Leg = Les =1. The
variation of the flame sheet location with B is qualitatively similar to that in
Fig. 2.4 for the fuel/air flame so this result will not be shown. Just as in Figs.
2.2 and 2.3, Figs. 2.8 and 2.9 show an initial increase in Sy with Da3, the
existence of an S; maximum, a lower amount of soot/precursor and higher
flame temperature for a higher B, as well as the existence of a ’f'f minimum
for non-zero values of B when Das is sufficiently large. However, the values
of Daj are much larger, S; much smaller, and  much smaller than those for
the fuel/air flame. Also, Sy is quite sensitive to B variations. These
observations indicate that the soot/precursor formation reaction is
significantly slower while the soot/precursor consumption reaction is much
faster for this case. While soot/precursor consumption reactions have
virtually no effect on soot/precursor formation in the fuel/air flame, they

play a significant role in this diluted-fuel/oxygen flame.
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Thus, for a given fuel and a given strain rate the amount of
soot/precursor produced can be substantially less for low initial fuel
concentrations, which is in agreement with the experiments of Du and
Axelbaum (1995). Furthermore, recognizing that the consumption reaction
for the soot/precursor is not dependent on the parent fuel, it is seen that for a
given strain rate, a much higher rate for the formation reaction is needed to

produce soot/precursor at smaller initial fuel concentration.

Since, for this case, the flame is located at the fuel side of the stagnation
plane, convection drives the fluid from the soot/precursor formation region
toward the oxidizer side. This means that the soot/precursor produced must
first pass through the consumption region before entering the inert region at
the oxidizer side to appear as part of the final products. Thus the
soot/precursor breakthrough, Sg, is appropriate to describe the soot/precursor
content in the products and this is plotted in Fig. 2.10. Comparing Figs. 2.8
and 2.10, the value of Sp is seen to be lower than S;. This is because part of
the soot/precursor is oxidized when passing through the consumption
region. Nonetheless, the conclusions drawn above, are the same as to the

effect of initial fuel concentration.

The above results may be explained by the following. Since the flame is
located at the fuel side of the stagnation plane, the temperature gradient in
the fuel side of the oxidation region is much steeper than that of the oxidizer
side (See Fig. 2.1(b)). The soot/precursor formation region, which is located
on the fuel side of the oxidation region, is then much narrower than the
soot/precursor consumption region located on the oxidizer side of the

oxidation region. Therefore, the residence time for soot/precursor formation
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is much shorter than that for soot/precursor consumption. The end result is
that much higher values of Day are needed to activate the soot/precursor

formation reaction, and the soot/precursor concentration is much lower.
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CHAPTER33

SPHERICAL DIFFUSION FLAMES SUPPORTED BY A POROUS
BURNER WITH FUEL SUPPLIED FROM THE BURNER

It is recognized from Chapter 2 that for the counterflow flame, the flow
direction in the reaction regions is reversed when the inert gas is diverted
from the oxidizer side to the fuel side. For this flame, the effect of
hydrodynamics cannot be separated from diffusion and flame structure, and
the relative importance among these mechanisms is not clear. To gain a
better understanding of the impact of each individual process, it is necessary
that each of these processes can be independently varied. A flame
configuration that maintains the same flow direction before and after the
inert gas redistribution so that the effect of hydrodynamics can be isolated is

then sought for.
3.1 Formulation

The problem of interest in this chapter is therefore a diffusion flame
burning at steady state and stabilized by a spherical porous burner. A stream
of gaseous fuel with a specified temperature Tj is injected from the burner
into a quiescent oxidizing environment at a temperature of Te. A flame is
established between the fuel and oxidizer regions. The porous burner is
assumed to be ideal in nature so that a uniform flow is supplied at its outer
surface. The reaction is considered in a microgravity environment so that the
flow field and the flame configuration are spherical symmetric. The same
three-step reaction scheme, Eqs. (R1)-(R3), introduced in Chapter 1 and

considered in Chapter 2, is adopted for this analysis.
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With the above assumptions, the conservation equations are given by

d(rpu)/dr=0 , (3.1)
4T _1.d(2,dT)_ PYE |[PYo (_ﬁ)
A i dr(f ldr)—VF,lwfqP,lBl(WF w, |2PTT

Y Y, E
+VvsWsqs 3B3 (F",V—SS)(‘) Q lexp (‘ 3

dYr 1 d{ 2 dYr pYE ) PYo ( El)
==L bl S8 P 174 P FYWE-O ~=1
pu ir 2 dr(r pDr e ) VE1 pBl( exp

Yr)(pY E
— Ve, WEB, (B—L)(,;V R]exp -—TZ-) , (3.3)

, (3-2)

Y Y, E
“oswon(GEfGg)ee(-R) - o

- VR WRBZ [Q_Y_E.) (p_Yi]exp — EZ ) , (3.5)

PYs \(PYo ( 53)
—veWeBa| E25 || E2O ~=8] .
Integrating Eq. (3.1) yields r2pu = const, where u is the flow velocity in the

radial direction, and r is the spatial coordinate in the radial direction. The
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mass flow rate, m =4m'zpu, which is controllable, is then a constant. Egs.

(3.2)—(3.6) will be solved subject to the following boundary conditions:

r=r,: T=T, , mYp-4rxripDg(dYp/dry=mg ,
mY; —4rrfpD;(dY;/dr)=0 , i=O,R,S ; (3.7)
roew: T-HT, , Yo=2Y0w -

Y;—>0 , i=FR,S |, | (3.8)

where rp is the outer radius of the burner and mF is the fuel flow rate from

the burner. Other notations used have already been defined in Chapter 2 and

will not be repeated.

Defining the additional nondimensional quantities for this system as

2.2
_ Das = PFT0 %P vo,a1B1
Ty ’ 47!'1’(,1 ’ F m ’ 1 A,WF ’

2.2 =~
_pf Tp Cp VE VRB?.

bay AW g

and applying the nondimensional quantities as defined in Chapter 2 except

for %, Day, Da, to Egs. (3.2)-(3.8), we have the following nondimensional
conservation equations:

1{ . dT d(_2dT)|_~ < < _
?_Z{m—d_?- d?(r d;]]—DalYpYoexp( j

+Bgs Day 175 ?O exp (—a %} , (3.9)

'~]l|.... '
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1| _dYr 1 d_,dYp _— E;
£ - = Doy VYo exp| — &
?2["’ e Lepd?(r ar ATFTo®P| 7

- = E
—DaszYRexp(—Tz) ,

1| .dYs 1 d.2Yo s o E
1 - = —Day V¢ Yo exp| -2
72['" a7 Leod?(r d?)] “aE OexP( T

a - o~ E.Z
—=Da>YsY exp| —ax—= ’

1| _dYg 1 df_pdYg e E
= L 41728TR | |- D Y Ypexp| —2
2["’ a7 Leg d?[' ar ATETOSP TR

1 VY Ez
—— Da,YpYgexp| -=22|
vp 2 FTR [ TJ
1] _dYs 1 d(.pdYg > E,
S iglds = 2 1:28°S V _Da,YrY _=2
Fz[m 7 Lesdf(r dF 2TFTROP| T

- ﬂ Dazfs }70 exp (—a %) ,

with the boundary conditions:

. - _o 1dYp _
r=1 T=T, , mY Ler d7 =mg ,
av,——L%Yi_o |, izORS ;
€; dr
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3.2 Asymptotic Analysis

The analysis follows the same high activation energy reactions and their
relations as those in Chapter 2. The solution, however, assumes a different

functional expression because of the difference in the flow geometry.
3.2.1 Outer Solutions

In the chemically inert outer regions, the process is controlled by the
balance between the diffusion and convection transport. Designating the
solutions in the fuel and oxidizer sides of the reaction region by superscripts
“—” and “+”, respectively, and solving the source free form of Egs. (3.9)—(3.13)
subject to the boundary conditions in Egs. (3.14) and (3.15), we obtain the outer
solutions:

T~ =Ty, +{[aT o + 847 1 +O(82)]+O0(e)Hexp(—m / F)—exp(-m)] ,
(3.16a)

T+ =T, +{[a} o +8aF 1 +O(8%)1+0(e)}[1-exp(-m /7)] (3.16b)

Yi =7 —{[aF o + 8aF 1 +O(82)]+0(e)lexp(—Lepm /7) , (3.17a)
Yf ={[af o+ 8aF 1 +O(8%)]+0(e)}[1-exp(—Lepm /F)] (3.17b)
Y5 =1{lap,o+8ap1+0(8%)1+0(e)lexp(~Legm /7) (3-18a)

Y5 = Yo, — (85,0 + 885 1 +O(82)]+O(e)}[1-exp(~ Leg i / F)]
(3.18b)

Y; ={lap + 84, +O(8%)]+O(e)lexp(~Le i /7) , i=S,R , (3.19)

Y ={[afg +8afy +O(8%)]+O(e)l[1-exp(~Le; /)], i=S,R
(3.19b)
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where az—:]- are integration constants to be determined later.

3.2.2 Structure Equations in the Soot Formation Region

In the O(6) soot/precursor formation region located in the fuel side of,
and adjacent to, the oxidation region, only the soot/precursor formation

reaction (R2) is significant and only O(J) variations on all the quantities are
possible. In this region, the stretched coordinate is defined as §=(7—-7f)/é

with ¢ < 0, where the small parameter is given by 6=T f%o / E;. Moreover, the

variables are expanded in terms of § as

T~ =[Tfo-667 -620; +0(8%)]+0(e) (3.20)
Y7 =[6 01 +82 82 +0(8°)]+0(e) ., i=F,OR , (3:21)
Y5 =[D50+8B5 1 +6%2 D5, +0(83)]+0(e) . (3.22)

Substituting Egs. (3.20)—(3.22) into Egs. (3.9)-(3.13), expanding, then collecting
terms of the same order in §, we obtain the following structure equations:

d> @F 1

a2 Ay @p,1 PRaexp(-O1) (3.23)

@5y _d*ef _ 1 &Py vp dPrg
d¢? d¢?  Ler d¢®>  Ler d{?

(7 Yr)4P50 o v E®PRa, 1 P51 (3.24)
Leg ) d¢  T|\Lex da¢? Les d¢?

(3.25)

2 - - A 32 R— -
-2| 4”03 _Govd D5, _(ﬁz_z;f)d@ -0
d¢2  Lep dl? dg
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ac ac
e f( L:p d:?l_ l\';,; d:?IJ:O , (3.26)

_|dop, dog,| | 1 g, 1 d?d5, v d*dg,

[dg dc} f[Lep dg? Les df*  Leo dg? }
_z;f[L;de;uL;S d:’;}zg{ﬁfil—}%o . 6

In the above T-'f,o is the leading order flame temperature to be determined,

and
Az =83 Lep Dayexp(~Ey / Ty ) (3.28)

is the reduced Damkéhler number for the soot/precursor formation reaction.
The soot/precursor concentration is considered an O(1) quantity since the
soot/precursor formation and consumption reactions can have different
rates. Because only an O(€) oxidizer leaks through the oxidation region into

this region, the condition of ®g ; =0 is required.
3.2.3 Matching of Solutions in the Outer and Soot Formation Regions

The required boundary conditions to solve Egs. (3.23)-(3.27) can be
obtained from matching the solutions of the soot formation region with the

outer solutions of the fuel side region. Matching can be performed by first

substituting the stretched variable, ?=7f+5§ , into the outer solution,

expanding the resulting equation in terms of §, collecting the terms of the

same order in §, and then equating the resulting expression with the solution
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in the soot formation region in the limit of {5 -~ and 77 This

procedure can be illustrated by matching of the fuel concentration solution.
Applying the stretched variable, (1/7) and exp(—Lem /¥) are first expanded to

2
1__ 1 1 58,525 vo0d] | (329)
For(1+88/7) Tl Fr \Ff

- 2
exp(—LeFm)=exp Lff"’{1 5ff+52(ri) +0(53)}

expl-Lem aL"'"c[l 8€++O(62)
¥ L7

[ -\
exp —Lfm exp{&Lem;[l o= & +O(62)]}
rf f

4 ~ ) - 2
—exp| ~ 2™ Wy glemé  gelemi, Lemie” 553l . (330)
f r; rf 2

Substituting Eq. (3.30) into Eq. (3.17a), rearranging in terms of J, and equating
the resulting equation with Eq. (3.21) for i = F yield

Yg =g —{[aF,0 + 8aF,1+0(82)]+O(&)}exp(~ Lep i / )

= g —{(af o + 8aE 1 +O(62)]+0(e)}

. - . = »2
xexp(—ﬂ){l+8l'ejg€ -8 Lf;n (2‘%‘"—1}%*‘0(53 )}
f
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— — Lerm - - Legm Lerm
=mp—ap’0exp(— ;;m)—a[ap’l'f'aplo _I; {:IQXP(‘ .F }

Tf re
_52),= p_ 90, Lepi|C® [\ Lepm [ _Lepin
o {amg ;f ( 7f J 5 +cons —;fz exp -f
+0(8%)+0(¢)
={[6PF1+8% DF 2 +O0(8%)]+0()r e - (3.31)

By comparing terms of the same order in é , the following matching

conditions are obtained:
Mg —apgexp(—Lepm/7s)=0 or apg=mpexp(Legm/7s) , (3.32)

®F1(§ —~w)=—af jexp(—Lep i/ Fp)-Tp(Lepm /FF)S ,  (3.33a)

(d ‘DI?,Z /d{)g___)_e° =‘{“E,1EXP(—-L6,F ﬁlJ_ mg [2_ Leg 'hJ{} Lerm

Feo | 7 Fr 73
(3.34)
Equation (3.33a) also implies
(APg,/dE) o =—Tip(Lepi/7F) . (3.33b)
Other conditions can be derived following the same process, given by
at0=(Tfo-Tp)/[exp(-/ Fp)—exp(-)] (3.35)
ap0,0=4p0,1=4r0=0 , (3.36)

O1 ({ > —=)=-ar, {em(—;';-) - eXP(—ﬁt)l —-ar, ;';-21— exP(--;ﬁl;] ¢ ,(3.37)
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S 1
(P52 /d8)r =0 ., (3.39)
®R,1(§ = —)=agexp(~Legi /7¢) (3.40)
(APR 2 /dE)¢_s—w =ar,1(Leg i/ 7 Yexp(—Leg i /7¢) (3.41)
D5 o(§ > —<)=aggexp(-Lesm/7¢) , (3.42)
@51 (¢ - —)=[ag +ag,o(Lesm [ 7} ){lexp(~Lesiit /) (3-43)

[ d <PsT,zJ ={a§’1 -"f-—"’[z— L‘is'h)g} Legm exP(- Le;';’J . (G4
dg £ormoe s Tf Tf f

Integrating the four expressions in Eq. (3.24) twice and Egs. (3.25)—(3.27)
once subject to the matching conditions given by Egs. (3.33), (3.34) and
(3.37)—(3.44), we obtain

P50 =asoexp(—Lesm/7s) (3.45)
o7 =-a14 [ew(-?)—em(-ﬁ)J
Tf
| Tr0-Ty exp(—mm / ¥5) ¢ (3.46)
7} /m exp(-m/Fs)—exp(—1h)

Pr1 - PrRa_ A2 _Lepm
Lep VF LeR - Lep exp( ?f ]

_pp Rlgyp| Lerm | Mg, (3.47)

F LBR ?f ffz
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- Pr1, Psi_. 4ra Legm | 453 Legm
Vp —1 4 —" = yp —2— - 4+ === -
F R S E Rexp exp =

?f Les. f
asgm Lecm
ot
rf rf
dOy )| Gsv[ddpa) m| _ arg m m
—_ i = - —a -+ _' 2—_,— € - ’ 3'49
(7 ue e paln) - oo
1 d‘DEI ‘71: d¢E1 ﬁ’ipﬁl ﬁlp
A _ A__ - , 3.50
Leg d¢ Leg d¢ 7# 7# (520
vp dPR1 . 1 dbsy _agom _Legm
Lex d¢ Les d¢ 72 P\ # ) (351)

m . - ~ - =2 1 d¢1-32 \./p d‘pﬁz ﬁ}:ﬁl
M PE1~VEPR) - = - 2i1=2-E=¢ , @
?fzm( F1~ VEPR,1) rf(LeP it Tex dC > 4 (3.52)

o [ dBRs 1dP5, b A5,
'"(VF"’R'1+¢S'1"’f[LeR T T T

= a5,0(2i / 7f)exp(~Lesti / F){ . (3.53)

In the above, Egs. (3.50) and (3.51) are obtained by differentiating Egs. (3.47)
and (3.48) with respect to {.

3.2.4 Structure Equations in the Soot Consumption Region

In the O(8) soot/precursor consumption region located in the oxidizer
side of, and adjacent to, the oxidation region, only the soot/precursor

consumption reaction (R3) is important. Because Ez and E3 are of the same
order, the same stretched coordinate, {=(¥-7f)/9d, is used, but with {> 0.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As in Chapter 2, the expansions of the various variables are:

T* =[Tfo-86f - 6263 +0(8°)]+0(e) ,

Y} =[6®f; + 82 @}, +0(8°)]+0(e) , i=F,O,R ,

YE=[dEy +6d>§,1+52d>§’,2+0(63)]+0(e)

(3.54)

(3.55)

(3.56)

Since only an O(g) fuel ieakage through the oxidation region is allowed,

®f,=0 is a required condition. Substituting Egs. (3.54)-(3.56) into

Egs. (3.9)-(3.13), expanding and collecting terms of the same order in §, we

obtain the following structure equations:
> ®51/d8% = A3 o Ph1exp(-aOf)

oty d’of; d*ef gsvddh,
dg? ag>  dg? Lo d¢?

dg

=[ v d2¢5’1_ 1 d2¢§’1]+[ﬁ'1 2 Jd¢§,0=

Leo d¢*> Les d¢? ?—}"——;fLeS

2 + - dz + ~ d¢+
( 1 d ¢p'2_ VE ‘DR'ZJ*'{’F("I 2 } R,l___o

Ler d¢2  Leg dl2 ?'ffr_ek dc

=2 dz 6; ‘75 % d2 ¢5:2 - d @i{. . .d ¢6'1
? 5~ ) -m —qds V
d¢ Leo d¢§ dg 14

+ z. oddk
df Leg d{

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

’

0

(3.57)

(3.58)

(3.59)

(3.60)



o v A, 1 der, 1 dof,| _|deE; deh,
Tf 2 2~ 7 |[t™ v
Leo dg Les dC Legp d; dC dC
o d + + - d ¢+
+2F¢| — Por__1dB51) ,pm_1 14850 _o | (361
Leo dg Les dC 'f Les d{
where
A3 =8%Leg(B/ V)Dazexp(-aE, / T ) (3.62)

is the reduced Damkoéhler number of the soot/precursor consumption

reaction.
3.2.5 Matching of Solutions in the Outer and Soot Consumption Regions

Matching of the solutions in the soot consumption region with the outer
solutions in the oxidizer side is performed by an approach similar to that
described in Section 3.2.3 and illustrated in Egs. (3.29)—(3.31) except that { — .

The process yields the solutions of leading order constants,

ato=(Tfo-Ta)/[1~exp(-i/7)] (3.63)
a5,0=Y0,. /[1-exp(-Legm/Ff)] (3.64)
afo=af)=ago=0 , (3.65)

and the boundary conditions required to solve Egs. (3.57)—(3.61),

455,1 (£ > e0)= ‘“6,1 1- exp[— Le? ﬁl):l+a6,0 Le_ozm exp(— Le9 mJ
f rf rf
(3.66a)

OF (£ > =) = —af 1 [1-exp(~ 1/ 7)] +aF o (7 / 7 Yexp(~ i /FP)IE
(3.67)
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(d03 /d0)e =(af 1 —(aF 0 / 7 )2~ (/) F£)IE Wi/ 7F Yexp(= R/ Ff) .

(3.68)
(APt /dl)r =0 (3.69)
() Ao b
£ seo f ¥ ¥ f
(3.70)
PR1(§ > ) =ag 1[1-exp(-Leg i /7f)] GB.71)
(PR3 /dE)¢ s =—ak,1(Leg 1/ 7} Yexp(—Leg i/ 75) (3.72)
®L0(& > =) =atoll-exp(-Lesi /7)] (3.73)
D31 (& =) =ag1[1-exp(—Leg i/ 7f)]
~ago(Les i/ 7} )exp(-Les i/ 7f)¢ (3.74)
[df?} = —[a§,1 %o [2 - L '"H s exp(—“’%ﬁ’} . @7
e f f 7f f
Equation (3.66a) also implies
(dDE,1/ d8) f e =050 (Leo 1 / 7} Jexp(—Legm /7). (3.66b)

Integrating the four expressions in Eq. (3.58) twice and Egs. (3.59)-(3.61)
once subject to the above matching conditions, Eqgs. (3.66)-(3.75), we have

Dfo=aggll-exp(—Lesm/7f)] , (3.76)
@1 =ag1[1-exp(~Legrm/7f)] (3.77)
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. D5, Gs v Leg "
6+— 12 = ot 71— =0 —a+ - —_—
1 —4s V7 o 0,17 = 1-exp 7r ar;1| 1-exp s

AT s VY
oM __f07 "= AsVXos | (379
7f exp(m/rf)—l exp(Leom/rf)—-l
‘7¢6,1_¢p§'1 =_45'19 1—exp _Le9r'h —-ag'll-l—exp _Le-sﬁl
Leo Les Leo rf L85|~ f
-4-—'7i VY0 +ag gexp _Legm g (3.79)
77| exp(Leom/F)-1 Fr '
1 dof; vp d®f, ., . m Leg
2 2 _ m _ , 3.80
LeP dC LCR d{ aR,l VF ;‘% exp ?f ( )
dof gsvd®5y _m| Tro-To = ds¥¥o- (3.81)
d¢ Lep d¢ ;}- exp(iit/Fs)—1 exp(Lep i/ ¥s)—1
0 dod 1 dot, VY0 o Legm
v I%a Li%a B Oz afgexp| -S| |,
Lep d§ Leg d¢ Ff exp(Leom/7f)—1 rf
(3.82)

FF(dO3F /d8)—(qs V/ LeoXd D 5 / d§)] - (OF —is V5 1)
+(211 / F)lat g exp(—i / ) — ad ofs Vexp(-Leotn / Fp)I§
=m(at,1—-adbdsV) (3.83)
F2[(V/ LeoXd b2 /dE)—(1/ Les\d DS 2 / dE)~(1/ Lep XA PE 2 / d{)]
+(21m / F¢)las g exp(-Legi / 7¢) +ad o Vexp(-Leom / F5)1§
= m[(ad +ab V) - (D& - VD5 1)] - (3.84)

In the above, Egs. (3.81) and (3.82) are obtained by differentiating Egs. (3.78)
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and (3.79) with respect to {. These equations will be used later in the analysis.
3.2.6 Expansions in the Oxidation Region

In the O(€) oxidation region, the dominating reaction is the oxidation

reaction (R1). The proper stretched coordinate in this region is ?:Ff+e§,

where £=TF / Ey, and the variables are expanded as:
T=T;—£([6+56, +O(8)]+O0(e / )} +0(%) (3.85)
Y, =¢el[¢;1+80;,+0(8%)]+0(e/8)}+O(e?) , i=FO , (3.86)

Yg =[8¢r,0+0(8%)+0(e/ 8)]
+€e[Pr1+80r 2 +0(82)+0(e/8)]+0(e?) , (3.87)
Ys =[Yso+80s0+0(82)+0(e/ )]
+e[@s1+80s2 +0(82)+0(e/ 8)]+0(e%) (3.88)
where
Tfp=Tfo-8Tf1+0(8%) . (3.89)

Substituting Eqs. (3.85)-(3.88) into Egs. (3.9)-(3.13), expanding and collecting

terms of the same order in & we obtain

d*Ys,y d? d?
ng'O = d?i'o = d‘?;'o =0 (3:90)

‘e 1 dory 1 dz¢1:,1_ 1 dz¢o,1= 1 d2¢py + 1 d® ¢r 1
dg2 Lep dg? Lep d&? Lep d&2  Ler d&® Legr dg?

-2 - -
=ld2¢5,1_ ﬁz—ﬂ dYs o -0
Leg d§2 Leg ) d& !

(3.91)
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426, 1 dz'ﬁp,z_ 1 6124’1-‘,2+ 1 d2¢R,2+1( 2 ﬁz]dmt,o

d&? " Lep de2  Ler d&? Leg d?z— ﬁﬂ_ﬁ d&

_1 d2¢p,2 1 d2¢o,2 _ 1 d2¢s,z +l 2 m|doso ~0
Ler déz Lep d§2 Leg déz ff Leg ;f d&
(3.92)

An additional equation that carries the reaction term can also be derived, but

it will not be presented because it is not of interest to this study.

3.2.7 Matching of Solutions in the Oxidation, Soot Formation and Soot

Consumption Regions

The required boundary conditions to solve Egs. (3.90)-(3.92) are derived
from matching the solutions in the oxidation region with those in the
soot/precursor formation and consumption regions as § — e and {—0.
Matching can be performed following the same procedure introduced in
Section 2.2.7 so the details will not be repeated. Taking the fuel concentration
as an example, by substituting Eq. (2.91) into Egs. (3.21) and (3.55) with i = F, we
have:

YF =[6DF 1 + 6% BF 2 +0(6%)]+0(¢)

=[8 PF1(£=0)+0(8?)]
+&{const +[(dPF,1 /d8) g+ S(ABE 2 /dE)rog +O(82)IE]
+0(e?)+0(e/ &)

= e{[¢F1+ 0 6F,2 +O(82)]+0(e / 8)}+0(€? )|§_)_m , (3.93)
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YE =[82 ®f 2 +0(8%)]+0(e)
=0(8%)+elconst + (A PE 2 / dL) g & +O0(8%) +O(e/ 8)1+0(£?)

=&([0r,1+ 89,2 +0(87)]+0(e/ )} +O(e?),_ - (3.94)
Comparing terms of the same order in ¢, Egs. (3.93) and (3.94) provide
PF1({=0)=0 |, (3.95)
(A9F,; /A8t =(dDEj /d)eo , j=1,2 . (3.96)
Application of the same matching procedure to other variables then gives:
®51(£=0)=0 , (3.97)

Tf1=07({=0)=06{ ({=0)=—at[exp(-/Fr)—exp(~m)] , (3.98)

a*T',1|:1 - exp[—%ﬂ— ad1 gLi—g[l - exp[_ Le;(;ﬁl H

=ar 1lexp(-m /F¢)—exp(-m)] (3.99)
Y5,0(§ > ~=)=asgexp(~Lesiit / 7f) (3.100a)
Ys,0(& > =) =adg[l-exp(~Les/7f)] (3.100b)

- = e -
PR 0(& = —=)=ag1exp (— Le.R m) + AF 1 4R exp(—gf—m—) , (3.101a)

re veLep I—'f
$r,0(& = =) =ag1[1-exp(-Legm/7f)] , (3.101b)
o) = = _Legm | _ Leg _Legm
¢s,0(&E—>— )—ag,lexp( =, ) ar o exp( = ) , (3.102a)
f F f
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- + =~ -
¢5,0<¢_M,=a§1[1_exp( Le_sm)}raoie;us[l_exp(_u?mﬂ |

Tf rf
(3.102b)
(d6; / dE)g 4 =(@dOF /d0)rg ., j=1,2 , (3.103)
(do;; / AE) eyt =P /A0 , i=O,RS; j=12 . (3104

Equations (3.45)-(3.48) and (3.76)-(3.79) have been used in the derivation of
Egs. (3.98)—(3.102).

Integrating the three expressions in Eq. (3.90) twice and the four
expressions in each of Egs. (3.91) and (3.92) once subject to Egs. (3.96),
(3.100)-(3.104) yields

Yso=®P50=P0 . (3.105)
Le Lep i Legmt || _ Leg
e P e e e
(3.106)
Fles Lepin | ab1Vles 1-exp _Legm
Ler ;f Lep ?f
~ ) -
- Lesm + Lesm
=ag 1exp| —— —ag 1 l-exp[- = ]:! , (3.107)
[ F ) [ Tf
(D51 /d8)pao=(d Py /dE)z—0 (3.108)
(d6F /dE)rog+Lep ™ (dPF 1/ dE)gp =—aT 0 ([ 7} Yexp(—-/Ff)
(3.109)
Lep Y (d®PF1/d8)p—p +Leg (A D51 /d8)=0=0 (3.110)
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Leg N (d®F1 /dE)pog +Leg H(d PR /A0 =0 (3.111)

(403 /d8)r—o—(dO3 /dE)rg

=Lep Y (dDF 2/ d)po—(dDF 2 /dE)r0] (3.112)

Lep ' [(dPE /dE)g=o —(dPE 2 /d8) 0]

=Leo ' [(dD0,2 /d8)g=o —(d P2 /dL)r=0] . (3.113)

Lep ' [(dDF 2/ d{)g=0 —(dDE 2 / AE)r=0]

=—Leg ' [(dDR2 / d)pao —(d PR 2 / dL)go0] (3.114)
(D55 /d8)p0=(dDPS 2 /d)r=p - (3.115)
3.2.8 Completion of the Analysis

Finally, substituting Egs. (3.35), (3.50), (3.51), (3.81), and (3.82) into Egs.
(3.108)—(3.111) and rearranging, we obtain

Tro-Tp . Tro-Ta _(-gs)ymg Gs VY0,
1—exp[ﬁ1(?f-1—1)] exp(rm/7£)—1 1+ vp exp(Lep m/Ff)—1 '
(3.116)
v/ — O *= ?O,‘” _ _Lesﬁl
YS,O B Vli v ME exp(Leo ﬁl/;f)-l]lil exp( Ff ]jl ! (3.117)
Lep Y (d®F 1/ d8) g =—mip /[FF(1+VE)] (3.118)
Leo H(d g1 /d8)pog =g /[FF(1+ VE)] . (3.119)

Equations (3.116) and (3.117) are the ones that determine the leading order

flame temperature, Tf,Or and soot/precursor concentration in the oxidation
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region, }75,0, in terms of flame sheet location, 7¢. The solution of 175,0 in turn
can be applied to determine “?,0 through Egs. (3.45), (3.76) and (3.105). In

addition, substitution of Egs. (3.49), (3.52)-(3.53) and (3.80), (3.83)-(3.84) into
Egs. (3.112)—(3.115) and rearranging render

(1+ Vp)laT 1exp(—i) +af 1 —§s Vad,11=Ve(1-Gs V)ag1 (3-120)

vaby+ad i +(v*-1)Vag,=0 . (3.121)
3.2.9 Rescale of the Structure Equations for Numerical Computations

The two structure equations, Eq. (3.23) in the soot formation region and

Eq. (3.57) in the soot consumption region, need to be solved numerically.
Equation (3.23) with @y and ®f ; respectively given by Egs. (3.46) and (3.47) is
to be integrated subject to the four boundary conditions specified in Egs.
(3.33a, b), (3.95) and (3.118). Similarly, Eq. (3.57) with 67 given by Eq. (3.78),
and ®¢, given by Egs. (3.105) and (3.117) can be solved subject to the four

boundary conditions in Egs. (3.66a, b), Eq. (3.97) and Eq. (3.119).

The numerical procedure can be simplified by a transformation of
variables. The transformation of Eq. (3.23) is performed by defining the

rescaled variable and parameter
n=(Legmgm/F})¢ (3.122)

Ay =(DayLeg / vp)(Tffo / E2)3(7} / (Lep g )2
xexplar,1[exp(- / ) —exp(-m)]1-E3 / Ty} . (3.123)

Substituting Eqs. (3.122) and (3.123) into Egs. (3.46) and (3.47), we obtain
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61 =—ar 1lexp(—n / 7f) - exp(-m)]

_[Tf'o T exp(—m /) ) (3.124)

Lepmiy exp(—m /) ~exp(~) ||
g1 =ag,1 [1-exp(—Leg i/ Ff)1+[Leg / (VeLep)(PF1+m) . (3.125)

Subsequent substitution of Egs. (3.122)-(3.125) into Egs. (3.23), (3.33a, b), (3.95)

and (3.118) then yields the transformed equation and boundary conditions,

given by
d>®dr; - . _ | vpLep . Leg it _
= = 1-exp| - b
in? Az ‘PP,l{ Leg ar,| 1-exp > +®Pp1+1
Tro-T, -m/F
xexp f.0 — b e)fp(- m/rf) —1 , (3.126)
Lepmp exp(-it/7f)—exp(—~m)
dr1(n=0)=0 , (3.127a)
(dPr1/dNMp=0=-1/(1+Vp) , (3.127b)
Dp (N> —e)= Vi: °F {az'u exP(- Ler m] —afi,1[1 - exP(— Ler mH} =/
R Tf Tf
(3.128a)
(dPE /ANy =—1 . (3.128b)
Similarly, Eq. (3.57) can be transformed by defining
n={Yo,.Leo(in/7})/lexp(Leo i/ Fr) =11}, (3.129)
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-2 2
- D Les ||| exp(Leot /Fs)-1Tfq
A3 =geoaé aslo[l—exp(- .S ):l[ f Efz

¥ Yo, 1/ 7f
xexp{ a7 1 ] exp —,—ﬁl-)—exp(—ﬁz) —a2 !, (3.130)
Tf Tro

and substituting into Egs. (3.78) and (3.99) to yield

_ 7 - - DS
@f :—aT,lliexp[—%)—exp(—-m):l+qs v Leoc;l

JIo-Ta exP(LCQﬁ'_/ T)=1 G , (3.131)
Yo.Leo exp(m/7f)-1 Leg

As the last step, Eq. (3.105), (3.117), (3.129)~(3.131) are substituted into Egs.
(3.57), (3.664a, b), (3.97), and (3.119), which results in

(d?> @}, /dn)=As @5 1exp(-ags v, / Leg)

xexpl —a| Lo~ T= @PLeom/Fp) -1 g0 | L 5y,
YO,°° LEO exp(m/rf)_,]_ LEO

®51(n=0)=0 , (3.133a)

(@d®5,1 / dMn=o ={FF /[0, (1+ VE)]} [exp(Leg it / 7)-1] , (3133b)
®5,1(n—>=)=-a)1 [1-exp(-Leom/7¢)]+n (3.134a)

(dd51/dN)pse=1 . (3.134b)
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3.2.10 Summary of the Analytical Results

The analysis is now completed and the primary result is summarized as
follows. For any specified state, Eq. (3.132) can first be integrated numerically
subject to the four boundary conditions given by (3.133a, b) and (3.134a, b). It
is then followed by the numerical integration of Eq. (3.126) subject to the four
boundary conditions given by Eqs. (3.127a, b) and (3.128a, b). Since only two
boundary conditions are required to solve each of these two second order
differential equations, there are four extra conditions. These four conditions,

along with Egs. (3.99), (3.106), (3.107), (3.120) and (3.121) are applied to

determine the flame sheet location, ?f, and the eight undetermined
constants, a%,l, ar 1, 40,1, aﬁ,l and af'l. By applying these results, af,o can be

determined from Egs. (3.45), (3.76), (3.105) and (3.117) while the flame
temperature, Ty, can be determined from Egs. (3.89), (3.98) and (3.116).

The soot/precursor concentration at the boundary between the
soot/precursor formation region and the inert region at the fuel side of the

reaction regions can be obtained from Eq. (3.19a) as
Y5 (7f)=(a5p + a5 )exp(—Lesm / Fg)+... . (3.135)

This quantity is represented by a soot/precursor indicator, S;. Similarly, the
soot/precursor concentration at the boundary between the soot/precursor
consumption region and the inert region at the oxidizer side of the reaction
regions, which represents the amount of soot/precursor that breaks through

the reaction zones into the oxidizer side, is given by Eq. (3.19b) as

YE(Fp) =(ad g + 648 )[1-exp(~Les it / 7 ) ... . (3.136)
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This quantity is expressed by a soot/precursor break-through parameter, Sp.

In the limiting case of extremely slow soot/precursor consumption
reaction, the rate of the consumption reaction is considered an order of
magnitude slower than that of the soot/precursor formation reaction so that
B = O(0). For this case Eq. (3.132) can be integrated subject to Egs. (3.133a, b) to
yield

b1 ={7p /[Y0, (1+ V) Mexp(Leom / F¢)—1n . (3.137)

Subsequent application of Egs. (3.134a, b) into Eq. (3.137) results in a5 =0

and
7 = Leom / In[1+ Yo oo (1+ V) / Tig | (3.138)

such that the flame location is explicitly determined. This in turn can be
substituted into Eq. (3.116) to provide the solution of Tf,o- Equation (3.126)

still need to be solved numerically subject to the four boundary conditions in
Egs. (3.127a, b) and (3.128a, b), with two of which applied to determine a%,l,
ar 1, ail and “f,l together with Egs. (3.99), (3.106), (3.107), (3.120) and (3.121).

Similar to the discussion in Chapter 2, it is noted that although the
present analysis can be completed without requiring knowledge of flame
extinction, the analysis is based on the assumed existence of a diffusion flame.
The analysis is applicable only for a diffusion flame in Lifidn’s (1974) diffusion

flame regime and sufficiently far away from the extinction limit.
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3.3 Results and Discussions

To exhibit the characteristics of various flame responses, numerical
calculations are performed by adopting the same physically based thermo-
chemical data used in Chapter 2, so that the results obtained in these chapters
can be compared with one another. An additional property required in the
study of the spherical diffusion flame, namely the thermal conductivity of the
gas, is given by A = 6.28 x 107 cal/cm-K-s. The spherical porous burner is
considered to be a 1/4 inch burner such that rp = 3.175 mm. This is the size
used in the experiments performed and to be performed by our collaborators
at Washington University, St. Louis and NASA Glenn Center. The fuel flow
rate is taken to be 1.51 mg/s, which is also the value used in the experiments,
except when the effect of mass flow rate is discussed. The study will cover the
two limiting cases discussed in Chapter 2 and the effects of the same
parameters will be addressed. The differences between the two limiting cases

are shown schematically in Fig. 3.1.

For the fuel/air flame shown in Fig. 3.1 (a), pure fuel is supplied from
the burner and issued into the air. The reaction regions for this flame,
including the oxidation region, the soot formation region and the soot
consumption region, are located relatively far away from the burner due to
the relatively low initial oxidizer concentration compared to that of the fuel.
As to the diluted-fuel/oxygen flame shown in Fig. 3.1 (b), the inert gas in the
air is extracted and diverted into the fuel stream while maintaining the same
fuel flow rate so that the mass flow rate issued from the burner is significantly
increased. This inert gas redistribution yields a reduction of the initial fuel

concentration and an increase in the initial oxidizer concentration.
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Figure 3.1(a) Schematic diagram of the flame structure for
fuel/air flame in the spherical diffusion flame
stabilized by a spherical porous burner
with the fuel supplied from the burner
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Figure 3.1(b) Schematic diagram of the flame structure for
diluted-fuel/oxygen flame in the spherical
diffusion flame stabilized by a spherical porous
burner with the fuel supplied from the burner
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Consequently the reaction regions are much closer to the burner due to the
low initial fuel concentration as compared to that of the oxidizer. The
variation in the mass flow rate results in a higher temperature gradient for
the fuel/air flame near the burner exit so that the resulting heat transfer from
the flame to the burner is higher. Since the burner is considered to be cooled,
its temperature is a constant and all the heat transferred to the burner is
removed by the coolant. It is then expected that the fuel/air flame possesses a
lower flame temperature. Moreover, the temperature gradient for the
diluted-fuel/oxygen flame is much steeper near the boundary between the
reaction regions and the transport region at the fuel side, and meanwhile is
flatter near the boundary between the reaction regions and the transport

region at the oxidizer side, as shown in Fig. 3.1.

Because both the soot formation and consumption reactions are high
activation energy reactions, they occur only at high temperatures. The
temperature distribution discussed in the previous paragraph yields a thicker
soot/precursor formation region and a thinner soot/precursor consumption
region for the fuel/air flame. As a result the production of soot/precursor is
favored. On the other hand, the lower flame temperature for this flame
yields a slower soot/precursor production. Since there are two opposing
mechanisms, namely the residence time (thickness of the reaction regions)
and the reaction rate (flame temperature), compete for dominance, it is not

clear how the inert redistribution affects soot/precursor production a priori.

For the fuel/air flame, we have Yr0=1, Y0,00 =0.233, and m = 1.6485.
Figure 3.2 presents the variation of soot/precursor indicator, Sy, as a function

of the Damkéhler number of the soot/precursor formation reaction, Da,
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for selected values of fand a=Legr = Les =1. As in Chapter 2, unity Lewis
numbers are used as reference values to facilitate the discussion of results.
The corresponding flame temperature, f'f, and the flame sheet location, 7y,
are presented in Figs. 3.3 and 3.4, respectively. The curve for 8 = O(é) in these
figures represents the limiting case of an extremely slow soot/precursor
oxidation reaction. For the problem analyzed in this chapter, the variation of
Da; is caused solely by the variation of the pre-exponential factor B, or the

reaction rate.

It is shown in Fig. 3.2 that by increasing Da> from an initial small value,
Sp first increases, attains a maximum value, and then decreases. Although
this behavior is similar to that of the counterflow flame, the interpretation is
different because the variation of Daj is caused by the change of reaction rate,
not strain rate. There are two opposing processes responsible for the value of
S; when the rate of the soot formation reaction increases. First, it is natural to
expect that more soot/precursor is produced when Da; is increased, thus Sy is
higher since the production rate is increased. However, such an increase
leads to a higher consumption of the radical in the soot formation region and
a reduction in the radical concentration at the boundary between the soot
formation region and the fuel side transport region. This leads to a reduction
in the soot/precursor production at this location. For values of Daz lower
than the critical value that yields the maximum Sy, the radical concentration
is so high that the reduction of reactant concentration is less important. The
soot/precursor production is then dominated by the reaction rate, and Sy
increases with increasing Daj. After the maximum Sj is reached, the reaction

rate is sufficiently high so that the rate of soot/precursor formation is
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controlled by the availability of the radical, and S; decreases with increasing
Daz. This explanation is also applicable to the counterflow flame when the
variation of Daj is due to the change of reaction rate instead of the strain rate.
With the increase of B, the soot consumption reaction occurs at an accelerated
rate such that S; decreases. For extremely small values of Daj, the value of S
becomes negative, which is physically unrealistic and hence the analysis is
not applicable. This is consistent with our earlier statement on the limitation

of Daj.

Because Sy only represents the concentration of soot/precursor at the
boundary between the soot formation region and the fuel side transport
region, it is misleading to consider it as the indicator to quantify the total
soot/precursor produced from the flame. As discussed in Chapter 2, a more
instrumental parameter to represent the total amount of soot/precursor
produced is the flame temperature. When Da; is increased, the rate of both
the soot/precursor formation and consumption reactions are increased. For
the limiting case of 8 = O(J), the consumption reaction is extremely weak so
that a higher amount of soot/precursor is produced. Existence of a larger
amount of soot/precursor then yields a lower flame temperature because a
higher portion of chemical energy stored in the soot/precursor is not released
to thermal energy. The decrease in flame temperature then slows down the
soot/precursor formation reaction so that the rate of increase in the
formation of soot/precursor with Da; is reduced. This result is supported by
Fig. 3.3, which shows that the flame temperature decreases with increasing
Day, indicating a higher soot/precursor production with a larger Da, and the

rate of temperature decrease is slower for higher Daj, indicating a slower

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



increase in the soot/precursor production.

Figures 3.2 and 3.3 also show the effect of B, which represents the rate of
the soot/precursor consumption reaction, on the overall production of
soot/precursor. For small values of Daj, the effect of f is insignificant because
of the low reaction rates. For higher values of Daj, a larger amount of
soot/precursor is produced and the effect of soot/precursor consumption rate
emerges. That is, by increasing B for a fixed Da3, more soot/precursor is
oxidized and more heat is generated through this consumption reaction.
Consequently the concentration of soot/precursor is decreased as shown in
Fig. 3.2, meanwhile the flame temperature is increased as shown in Fig. 3.3.
When Da; is sufficiently high, the soot/precursor formation reaction rate
increases only slightly with Daz as shown in the = O(d) curve and discussed
in the previous paragraph. For this case, an increase of Da; results in a higher
increase in the rate of soot/precursor consumption than that of the formation
such that the total soot/precursor production actually decreases and the flame
temperature increases. Indeed Fig. 3.3 demonstrates that for B =0.05, there
exists a critical value of Daj above which 'f'f increases with Daj. For 8 =0.025,
such a turning point also exists, but at a much larger Da; value beyond the

region plotted in this figure.

Figure 3.4 displays the flame sheet location 75 as a function of Daz. This
figure shows that Ff is independent of Daz when B is O(), and increases with

Daj for non-zero values of B. ¢ also increases with f for a given Day.

Because the radical is considered an O(8) quantity, the soot/precursor

formation reaction consumes only an O(8) amount of the fuel and causes a

negligible shift in 7¢. For non-zero values of B, the soot/precursor
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consumption reaction yields an O(1) oxidation of soot/precursor and
accompanies this with an O(1) consumption of the oxidizer. The loss of
oxidizer supply in the primary oxidation region through the soot/precursor
oxidation reaction then forces the flame to move towards the oxidizer side to
seek a new stoichiometric balance. For larger values of B or Daj, the

soot/precursor consumption reaction is stronger and more oxidizer is

consumed so that 7y is larger.

For the flame studies in this chapter, the flow direction is from the
burner to the ambient such that the convection is from the fuel side to the
oxidizer side. Thus the soot/precursor produced in the formation region is
driven by the bulk flow to the soot consumption region before entering the
ambient and appearing as part of the combustion products. This suggests that
the soot/precursor break-through parameter, Sp, which represents the
amount of soot/precursor that breaks through the oxidation and soot
consumption regions and enters the transport region at the oxidizer side, is
more appropriate in describing the soot/precursor concentration in the
products, or the bulk soot/precursor production. The variation of Sp

corresponding to Figs. 3.2-3.4 is then plotted versus Da> in Fig. 3.5.

It is observed from Fig. 3.5 that for the case of an extremely slow soot
consumption reaction, 8 = O(d), Sg increases with increasing Da3 and the rate
of Sp growth decreases with Daz. This agrees with the earlier observation on
the total amount of soot production, the flame temperature reduction and the
application of the flame temperature to quantify the soot/precursor
production. When the rate of the soot/precursor consumption reaction is

higher, Sp decreases with increasing 8. For B = 0.05, there exists a critical Da>
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at which Sp attains its maximum. These results also are in agreement with
our earlier discussion on Fig. 3.3. When Da3 or B is sufficiently large, Sp is
reduced to zero so that the production of soot/precursor is completely
suppressed because of the strong soot/precursor consumption reaction, as

shown in Fig. 3.5 for # = 0.05.

The effect of diffusion transport on soot/precursor production will be
discussed by varying the Lewis number of either the radical or the
soot/precursor while keeping the other unity. The flame response
corresponding to the change in radical diffusion, Leg, is first presented in Figs.
3.6-3.8 by plotting Sy, Sp and Tf versus Dajz with a@ = Les =1, B = O(9).
Recognizing that the impact of Ler on the flame behavior is qualitatively
similar for all values of B since the radical does not participate in the
soot/precursor consumption reaction, the special case of = O(J) is selected
for simplicity in numerical computations. Since the radical (e.g., H) is
generally light in weight, its diffusion rate is higher than that of the
background gas so that only the Ler <1 case is considered. These figures
show that the sooting behavior responding to the variation of Ler is
qualitatively similar to that of the counterflow flame. That is, the total
amount of soot produced decreases with decreasing Ler because the radical
passes through the soot formation region into the inert region at a faster rate
and this reduces the residence time that needed for the soot/precursor
formation reaction to occur. A more detailed discussion has already been

presented in Chapter 2 and will not be repeated.

This discussion is followed by the effect of soot/precursor diffusion, Les.

The results are presented in Figs. 3.9-3.11 following the same sequence as
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Figs. 3.6-3.8 with ax=Leg =1 and B = O(J8). The values of Les are selected to be
larger than unity because the soot/precursor is heavier than the background
gas and hence its diffusion velocity is slower. Similar to Chapter 2, one can
conclude from Fig. 3.9 that the concentration of soot/precursor in the
formation region increases with increasing Les because more soot/precursor
is accumulated in this region due to its reduced diffusion rate. However,
since the soot consumption reaction is negligible for 8 = O(d) and the
diffusion of soot/precursor does not affect the soot formation reaction, the
total amount of soot/precursor produced is independent of Les. This is
evidenced by the same flame temperature for all Les in Fig. 3.11. The higher
soot/precursor concentration in the soot formation region for higher values
of Les also leads to a higher Sp as shown in Fig. 3.10. Unlike the earlier
discussion, the variation of Sg due to the change of Les does not represent the
variation of total soot production. It only shows the redistribution of

soot/precursor through the change of its diffusion rate.

The behavior is qualitatively different when the soot consumption
reaction is not negligible. To study the difference, a representative example is
presented in Fig. 3.12 which shows the flame temperature, f'f, versus Daj for
B=0.025 and a = Leg =1. This figure exhibits a higher flame temperature for
larger Les because the soot concentration in the soot consumption region is
higher. In addition, the slower soot/precursor diffusion provides a longer
residence time for the consumption reaction. These factors allow more
soot/precursor to be consumed through the consumption reaction and
consequently more heat is released. Thus the flame temperature is increased

and the overall soot production is reduced.
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Up to the present, all the discussions in this chapter were based on the
variation of Daj, which is the rate of the soot formation reaction. Physically,
Da3 is fixed when a specific fuel/oxidizer system is adopted in experiments.
To better understand the sooting behavior, it is more instrumental to study
the effect of mass flow rate from the burner. In this regard, a representative
case is presented in Figs. 3.13-3.16. These figures show, respectively, the
flame temperature, f’f, flame location, 7¢, soot/precursor indicator, Sy, and
soot/precursor breakthrough parameter, Sg, versus the burner flow rate, m,
for ¢ = Leg = Les =1 and Daz =0.1. In the inert region at the fuel side of the
reaction regions, diffusion of heat, the radical and the soot/precursor from
the reaction regions toward the burner must occur against convection. Thus
when the burner flow rate m is increased, the heat transfer from the flame to
the burner is decreased due to a stronger outward flow. Such reduced heat
transfer yields a lower heat loss to the coolant and a higher flame temperature
as shown in Fig. 3.13. The increase of m also forces the reaction regions to
move out toward the ambient, as shown in Fig. 3.14, because there is more
fuel to be consumed and a new stoichiometric location with higher oxidizer

supply is necessary. For small values of 1, an increase of m yields a greater

decrease in the heat loss such that ’f'f increases more rapidly. The increase in

’f’f slows down with continuous increase in m for the reaction regions are
farther away from the surface and the reduction in the heat loss to the burner

is less significant.

Returning to the soot/precursor formation, Fig. 3.15 shows that by
continuously increasing m from a small value, S; first increases, attains a

maximum, and then decreases, similar to that of Fig. 3.2. This suggests that
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the effect of m on the sooting behavior may be qualitatively similar to that of
Da3. The behavior of Sg shown in Fig. 3.16 further supports the expectation.
The cause of the sooting behavior, however, is different between these two
cases. There are some competitive processes that arise by the variation of m.
First, with the increase of m, the flame temperature increases so that the rate
of the soot/precursor formation reaction is enhanced and more soot is
produced. This yields a higher Sy and a higher total amount of soot/precursor
production. As noted in Chapter 2, S| does not represent the total

soot/precursor production. Second, since the flame location, 7¢, increases

almost linearly with increasing m and the surface area of the flame varies
with ?%, the mass flux at the reaction regions, (pu)f =m/ (47:?}"), decreases
with increasing m and the soot formation region is broadened while the soot
consumption region is narrowed. Both the reduction of mass flux and the
modification of reaction regions lead to the increase in the radical
concentration and the residence time for the soot formation reaction such
that both S; and the total amount of soot/precursor production is further
enhanced. Accompanying the increase of the residence time, however, is the
reduction of fuel supply per unit area of the flame, which renders a lower fuel
concentration in the soot formation region and a lower soot/precursor
formation rate and a lower S;. Finally, the reduction in the mass flux favors
the diffusion of the radical through the soot formation region so that the total
soot/precursor formation is decreased. This behavior is similar to the

decrease in Leg as discussed earlier.

For low burner flow rates, the increase of reaction rates corresponding to

the increase of /1 is more significant as evidenced by the large increase in the
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flame temperature and a moderate increase in the flame location, as shown
in Figs. 3.13 and 3.14. Consequently S; increases with m. With continued
increase in m, the impact of the reaction rates decays and the decrease in mass
flux in the reaction regions dominates. As mentioned in the previous
paragraph, although the decrease of mass flux increases residence time, which
in turn enhances soot formation, the reduction of fuel supply per unit flame
area is more significant such that S; decreases. The total soot/precursor
production for the B = O(J) case, nonetheless, increases monotonically with m
as exhibited by Sp in Fig. 3.16. This is reasonable to expect since both the
increase in the rate of soot formation reaction and the increase in the
residence time favor the overall production of soot/precursor. The variation
of B shown in Figs. 3.15 and 3.16 again exhibits a lower S; and net soot
production for a higher B as in Figs. 3.2 and 3.5, which has been discussed
earlier. The dependence of the flame temperature and flame location on j,
although consistent with those shown in Figs. 3.3 and 3.4, is not
distinguishable in Figs. 3.13 and 3.14 because the changes are insignificant

compared to those caused by the variation of m.

Extending from the above understanding, we may suspect that for
sufficiently large values of 1, when the heat transfer to the burner becomes
negligible, the flame temperature for the f = O(J) flame may decrease instead
of increase with increasing . The reason is that the overall soot production
is higher for a greater m. For non-zero 8 flames, the flame temperature may
increase again after it is dropped by continuously increasing , or continue to
increase without a drop if B is sufficiently large, until the adiabatic limit is

reached because of the extra heat produced from the soot/precursor
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consumption reaction. This will be confirmed later in the discussion on Fig.

3.21.

The variation of the activation energy ratio, a, is to yield a higher
amount of soot/precursor and a lower flame temperature for a higher « and

will not be elaborated as in Chapter 2.

The effect of stoichiometric mixture fraction on the production of
soot/precursor is now examined by redistributing the inert gas from the
oxidizer side to the fuel stream. In the extreme limit where all the inert gas
in the air flow is diverted into the fuel stream, one has Y, =1 with Yr o
varying between 0.08143 and 0.08784 as in Chapter 2. This results in m
varying between 18.53 and 17.19 mg/s, or m varying between 20.19 and 18.73,
when the fuel flow rate is maintained as 1.51 mg/s. Calculations were
performed using the same quantities used in Chapter 2, @ = Legr = Les =1, and
the results of Sj, Tf, ?f, and Sp were plotted versus Da3 in Figs. 3.17-3.20.
Similar to the behavior reported in Chapter 2, Figs. 3.17-3.20 and 3.2-3.5 show
that the behavior of these two cases are qualitatively similar. However, Fig.
3.17 shows that the values of S; are much smaller, while Daz for observable
soot/precursor production are much larger for the diluted-fuel/oxygen flame.
This indicates that it is much more difficult to produce soot/precursor when
the inert gas is diverted to the fuel stream, which agrees with the conclusion
drawn in Chapter 2 for counterflow diffusion flames. The difference between
the two cases, nonetheless, is not as great as the two counterflow flame cases
because there is no inversion of the flow direction. In addition, Figs. 3.18 and
3.19 show that the flame temperature is higher and the flame is much closer

to the burner for the diluted-fuel/oxygen flame, in agreement with an earlier
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Figure 3.19 The flame sheet location Ff corresponding to Fig. 3.17
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Figure 3.20 Variation of Sg corresponding to Fig. 3.17



discussion on Fig. 3.2. Although S; is smaller, Fig. 3.20 shows higher
maximum values of Sg for the diluted-fuel/oxygen flame compared to that of
the fuel/air flame. This will be discussed in the next paragraph.

The differences in the flame behavior as a result of inert redistribution
can be explained by the following. When the inert is supplied with the fuel,
the initial fuel concentration is low and the initial oxidizer concentration is
high so that the flame moves closer to the burner to seek a new
stoichiometric location (Figs. 3.4 and 3.19). The inert redistribution also
results in a large mass flow rate from the burner, which reduces the heat
transfer from the flame to the burner and raises the flame temperature (Figs.
3.3 and 3.18). The higher burner flow rate and smaller flame standoff distance
then yield a much higher mass flux near the flame so that the thickness of the
soot/precursor formation region is reduced and the soot/precursor
consumption region is broadened with respect to the fuel/air flame. The
reduced residence time in the soot/precursor formation region inhibits the
soot/precursor formation reaction so that much higher values of Da3 are
required to produce soot/precursor and the total amount of soot produced is
lower. Although the higher flame temperature favors the production of
soot/precursor, the effect of residence time dominates the process for the
increase in the flame temperature is moderate as can be concluded from
comparing Figs. 3.3 and 3.18. The approximately 12 time increase in the
burner flow rate and 50 % decrease in the flame radius for the diluted-
fuel/oxygen flame yield a mass flux approximately 40 times larger than that of
the fuel/air flame and a significant reduction in the residence time.

Although S; is smaller, the stronger convection subsequently brings a large
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fraction of soot/precursor to the consumption region to yield a high
maximum value of Sg. It should be noted, however, that the values of Sg
shown in Fig. 3.20 may not be obtainable since extremely high values of Da2
are required. For the same range of Da; as that for the fuel/air flame, the
diluted-fuel/oxygen flame is primarily soot free. As in Chapter 2, the reduced
values of Sy and Sp indicate that inert redistribution (increase in the
stoichiometric mixture fraction) is an effective approach to reduce soot

production from non-premixed combustion systems.

Figures 3.17-3.20 also exhibit that the sooting behavior responding to the
soot/precursor consumption reaction rate, f, is similar to that of the fuel/air
flame. That is, a stronger soot/precursor consumption reaction yields a lower
net soot/precursor production, a higher flame temperature and a larger flame
standoff distance. This effect, however, is stronger for the diluted-
fuel/oxygen flame in that a smaller increase of B results in a greater variation
in the flame response. This behavior is attributed to the higher flame
temperature and broadened soot/precursor consumption reaction region.
The higher flame temperature strengthens the soot/precursor consumption
reaction while the thicker consumption region provides a longer residence
time for the consumption reaction to occur. Both are acting in favor of

reducing the production of soot/precursor.

As in Figs. 3.13-3.16, the effect of burner flow rate on Ty, 7¢, St, and Sp

for the diluted-fuel/oxygen flame is presented in Figs. 3.21-3.24, with
o =Legr = Les =1 and Daj =100. It is observed that the flame response
corresponding to the variation of m is qualitatively similar to that of the

fuel/air flame. Moreover, Fig. 3.21 shows that the flame temperature for the
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Figure 3.23 Variation of S; corresponding to Fig. 3.21
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B = O(9) flame decreases with increasing m when m is sufficiently large. For
non-zero f3 flames, the flame temperature increase again after it is dropped by
continuously increasing m. These confirm the earlier suspicion on the

discussion of Figs. 3.13-3.16.

Finally, comparing the fuel/air and the diluted-fuel/oxygen flames with
the same fuel consumption rate, it is found that the fuel/air flame has a
lower flame temperature because of its low mass flow rate. More heat is
transferred to the burner and carried away by the coolant as a result of its
weak convective transport. Recognizing that both the soot formation and
oxidation processes are highly temperature sensitive, and that the
experiments to be performed by our collaborators in microgravity are without
coolants, a comparison between these flames with the same adiabatic flame
temperature is important to the success of this investigation. To achieve this
goal, additional calculations that adopted Tp = 802 K were performed for the
fuel/air flame such that both of the flames have the same flame temperature.
Results of Sp versus Da3 for this elevated T} flame is shown in Fig. 325 Also
shown in Fig. 3.25 is the solution for the original flame with Tp =300 K for
comparison. This figure exhibits that a higher amount of soot is produced
when Tp, and hence the flame temperature is increased. Therefore the
difference in soot production between the two limiting flames is further
amplified when both have the same flame temperature. This result further
supports the conclusion that significant reduction can be obtained by inert
redistribution, which agrees with the experiments performed by our
collaborators at Washington University, St. Louis and NASA Glenn Research

Center.
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CHAPTER 4

SPHERICAL DIFFUSION FLAMES SUPPORTED BY A POROUS
BURNER WITH OXIDIZER SUPPLIED FROM THE BURNER

The study reported in Chapter 3 reveals that modification of the flame
structure, represented by the variation of stoichiometric mixture fraction
through inert redistribution, has a profound effect on the sooting behavior of
a diffusion flame without the change in the flow direction. Formation of soot
precursor, and consequently soot particles, is significantly reduced by the
redistribution of inert gas from the oxidizer side to the fuel stream. One may
criticize, however, that such an effort does not introduce a promising
advantage because the soot/precursor produced in the soot formation region
is convected to the soot consumption region and be largely consumed even
for the fuel/air flame that produces the largest quantity of soot precursor.
Only a tracing amount of soot breaks through the consumption region and
appears in the final products. Recognizing that in practical combustion
devices, the flow direction can be toward the fuel side, a flow field that favors
soot formation, i.e., from the oxidizer to the fuel direction, needs to be
considered. This task which fully characterizes the relevance of flame
structure on the sooting behavior and exhibits the benefit of inert
redistribution, can be achieved by issuing an oxidizer flow from the burner

into a quiescent fuel environment.
4.1 Formulation

Following the above descriptions, the problem to be analyzed in this

chapter is a diffusion flame burning at steady state and stabilized by a
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spherical porous burner as in Chapter 3. A gaseous oxidizer flow of mass flow
rate m=47tr2pu is issued from the burner at a temperature Tj. It is known
from Chapter 3 that m is a constant at any r in the whole domain of interest.
The quiescent ambient at a temperature of T is filled with fuel gas with an
initial mass fraction Yr . The flame is situated between the fuel and oxidizer
at where the stoichiometric is located. Adopting the same assumptions taken
in Chapter 3, we consider the porous burner to be perfect so that a uniform
flow is supplied at its outer surface, and both the flow field and the flame are
spherical symmetric. The same three-step reaction scheme given by Egs.
(R1)-(R3) is again used to describe the chemistry.

Following the above discussion, it is understood that both the flow
geometry and the problem definition are the same as those of Chapter 3.
Therefore, the equations governing the conservation of energy and species
concentration are Eqgs. (3.2)-(3.6). It is then expected that part of the

expressions can be depicted from Chapter 3.

The boundary conditions, however, are different because of the
inversion of the flow direction. The appropriate boundary conditions for this

problem are

r=r, : T=T, , mYo—4nrripDpo(dYpo/dr)=mg
mY; -4rxripD;(dY; /dr)=0 , i=FR,S ; (4.1)

roe : ToT. , Yp>Yfr. , Y;—>0 , i=0O,R,S , (4.2)

where mp = m Y0o,0 is the initial mass flow rate of the oxidizer issued from
the burner. All other notations are the same as those adopted in Chapter 3

and will not be repeated.
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Adopting the nondimensional quantities introduced in Chapters 2 and 3,

then defining a nondimensional oxidizer flow rate parameter as

. mp VEIW
7, =0 VEIVE

m VO,IWO

we nondimensionalize Egs. (3.2)—(3.6) to Egs. (3.9)«(3.13), and Egs. (4.1)-(4.2) to

. - = - = 1 dYo . _
=1 T=T , mYg—-———m—== ,
r b Leo dr m o
- 1dY; )
nY;———1L=0 , i=FRS ; 43
M T aF ' (4.3)
Foe : T-T, , Ye>Yr., , Y;>0 , i=O,RS . (44

4.2 Asymptotic Analysis

In the following analysis, the same high activation energy asymptotics

adopted in Chapter 2 and 3 will be applied.
4.2.1 Outer Solutions

In the chemically inert outer regions, the process is controlled by the
balance between the diffusion and convection transport. Designating the
solutions in the oxidizer and fuel sides of the reaction regions by superscripts
“~” and “+”, respectively, and solving the source free expression of Egs. (3.9)—
(3.13) subject to the boundary conditions in Egs. (4.3) and (4.4), we obtain the
outer solutions:

T~ =T, +{laT o + a7 1 +O(8%)]+O(e)lexp(-m / F)—exp(-)] ,
(4.5a)
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T* =T. +{[af o +8aF 1 +O(8)]+0(e)}[1-exp(-m /F)] , (4.5b)
Yr={[ap o +8aF 1 +0(8%)]+O(e)lexp(~Legin /7) , (4.6a)

YF =Yr . —{[at o +8af 1 +O(82)]+O0(e)H1—exp(—Lep i /7)] , (4.6b)

Yo =g —{[a5,0 +840,1 +0(8%)]1+0(¢e)lexp(—Legm /F) (4.7a)
Y5 ={[ad,0 +6a5,1+0(8%)]1+O0(e)1-exp(-Leom /F)] (4.7b)
Y; ={[al"0+5a:1+O(62)]+O(£)}exp(-Leiﬁl/7) ’ i:S'R ’ (4‘8a)

Y} ={[afo +6af1 +0(8%)]+0(e) [ 1-exp(~Le; i /7)] , i=S,R , (4.8b)

where a;-:]- are integration constants to be determined from the analysis.

4.2.2 Structure Equations in the Soot Formation Region

In the O(8) soot/precursor formation region located in the fuel side of,
and adjacent to, the oxidation region, only the soot/precursor formation

reaction (R2) is significant and only O(é) variations on all the quantities are
possible. In this region, the stretched coordinate is defined as { =(7 —-?f) /6

with >0, where the small parameter is given by 5=T~'f‘?‘0/ E,, and the

expansion of the variables are Eqs. (3.54)-(3.56). As in Chapter 3, the
soot/precursor concentration is considered an O(1l) quantity because the

soot/precursor formation and consumption reactions have different rates,

and @3, =0 because only an O(e) oxidizer leakage through the oxidation

region into this region possible.

Substituting Eqs. (3.54)-(3.56) into Egs. (3.9)-(3.13), expanding, then
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collecting terms of the same order in §, we obtain the following structure

equations:

4 &f
dc?

= A Of 1 DR 1exp(-61) 49)
d2¢§,0 _ dzef - 1 d2 ¢E'1 _ ;’F d2¢§'1
d ;2 d ;2 Le E d gz LBR d 4'2

_ 2F\dod ve d2 % d* ot
| 72T |%%Ps0 _z2| VE R1, 1 SLi-o (4.10)
Les ) d¢ Leg d¢ Les d¢

2+ = A~ 24t +
~2 d @2 qsvd ‘boz - - d@l
— L - -2 = , .
7 ( TR P (m rf) 2 0 (4.11)
_(dot, _ dogq) o 1 d@df, vy 2D,
m - Vg —rf 5 )
¢ ¢ Ler d?> Legr d¢
- 1 d¢;:.1 \71: ddjil
-2 I — z =0 , 4.
rf(Lel: d{ LeR dg (412)

SR\

1 d?of, ! d2¢§,2_ v d*ah,
Ler d¢%2 Les d¢2  Lep dl?

[ 1aef; 1 ded, ]| Jw 1 ]ded,
-2 £ = -2 =—-—|——=0 , 4.13
rf[Le[: d{ +L€5 d; J ( )

where the reduced Damkdhler number of the soot/precursor formation

reaction, Ay, is given by Eq. (3.28).
4.2.3 Matching of Solutions in the Outer and Soot Formation Regions

The boundary conditions to solve Egs. (4.9)-(4.13) need to be derived

from matching the solutions in this region with the outer solutions in the
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fuel side. Matching can be performed by the same procedure described in
Section 3.2.3 except that the matching conditions obtained are for the limit of

{— oo,

Taking the matching of the fuel concentration as an illustration, by
substituting Eq. (3.30) into Eq. (4.6b), rearranging in terms of §, and equating
the resulting equation with Eq. (3.55) for i = F, we obtain

YE=YF . —{[af o +8af1+0(6%)]+O0(e)}[1-exp(—Lep i / )]
=Y, ~{[af 0 + 8af,1 +O(8%)] + O(e)}
(Lem), . Leml pLem(. Lei)e? 3
x l—exp - 1+8——_—2—-—8 ~3 2— — T+O(5 )
. T ) ¥ T¢ Tf

i ( -
= Lerm
ot 122]
L \

~84af 1 1“exP[-Le-Fﬁl) ~af, lﬁgﬁlexp[-ufﬁl)C}
f Tf f

+ - .2 - =
+82 {a}"l ¢ - ) (2 _Ler mJ% + const}——Le_sz exp (- Lef m]

¥ ¥ ¥ f
+0(83)+0(e)
={[6Pf1+82 BF 2 +0(8%)]+0(E)) gy - (4.14)

By comparing terms of the same order in §, we have the following matching

conditions:
YE . —af g[1—exp(—Lepm /7£)] =0

or afo=Yr./[l-exp(Legim/Ff)] . (4.15)
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PF1(§ > ) =—af [1-exp(—Lepm / 7f)]

+af o(Lep i/ 7§ )exp(—Lepm / #£)S

(4.16a)

+ . _ -
(dDE2 /A8 yen ={af,1-af’0 (Z—Lefm}C} Lerexp(—Le;’;mJ . (4.17)

=2
rf L rf rf
Equation (4.16a) also implies

(ADg1 / d)g s =aE o (Lep it/ 7 )exp(—Lep it / 7y)

(4.16b)

Applying the same procedure, the matching conditions for other variables are

given by
at,0=(Tro~Te)/[1-exp(-m/7)]

-+ . — At —
a50=40,1=4r0=0 ,

6{' (£ > )= -a*T’Il {1 - exp[-—;z;-ﬂ + a}'lo ;L;zl- exp[-%f-) .

d@{) {a+ aio( ﬁz] }m ( ﬁzj
=-1ari-——| 2= (S ep | -
[ d§ C oo 1 Tf Tf rfz rf

(d¢5,2 /dC)g—wo =0 ,

Ok 1(§ > =)=ag[1-exp(~Legrim/Ff)]
(A D2/ AV s =ak,1(Leg 1/ 7} )exp(—Leg [ 7f)

O o(§ > =)=aspll-exp(-Lesi/7f)]

®Z1(§ — o) = a5 [1-exp(—Lesm / 7f)]
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(4.18)

(4.19)

(4.20)

4.21)

(4.22)

(4.23)

(4.24)

(4.25)



—ago(Lesin / 7} ) lexp(~Les i / 7¢) (4.26)

(d q);ﬂ) = {a§,1 - a%‘,o (2— Lis ﬁ!}C } Le~52771 exP[ Le.s ﬁl} - (427)
i@ ). ¥ s ¥ 'f

Integrating the four expressions in Eq. (4.10) twice and Egs. (4.11)—(4.13)

once subject to the above matching conditions, we obtain

@S0 =aspll-exp(—Lesm/7f)] (4.28)
= R

+_ 4 _ m (Tf,O—Too)m/rf 4.99

o1 = aT,1[1 exp( ?f]}-[ exp( /7)1 ¢ (4.29)

ot o} at i)
F1 _ VE R1__%F1 1-exp _Le}: mJ
Tf

+ -\ v - 71 / 72
—vp?_'l[l-exp( Lekm) b b2 a0

€R 73 exp(Lepm / 7y)
- ¢R1+¢51_- ar1 l-e _LeRﬁt as,1 1 _Lesm
F LeR Les LeR ?f Les rf
a5 Legm 431
- -2 P C ’ ( . )
rf f

1 dof,  vp dPky _ Vru(/F)

mo , (4.33)
Lep df Leg d{  exp(lepm/¥f)-1
Ve APy, 1 dBSy a5 [ Lesi| (4.34)
Ler d¢ Les d¢ 7? Fr
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1 d@;’z_— \7P dd’i,z
Ler df Leg d¢§

m(DE 1 — Vg PR,1)— ;fz'(

=—m(af 1 + Vpag 1) +2af o(m / 7r)exp(-Lepm / 7£)E (4.35)

_ o VpdPRa 1 AP, © dd,
m(VFq’Ef“"’;l)"%[L: a "Tes d¢ Leo d¢

=m(Vvg “i,l + a§,1) - a's",o(Zrh / ?f)exp(-Lesﬁz / ?f)§ . (4.36)
In the above, Egs. (4.33) and (4.34) are obtained by differentiating Eqs. (4.30)
and (4.31) with respect to {.

4.2.4 Structure Equations in the Soot Consumption Region

In the O(6) soot/precursor consumption region located in the oxidizer
side of, and adjacent to, the oxidation region, only the soot/precursor

consumption reaction (R3) is important. In this region, the same stretched

coordinate, {=(r -?f) / &, is used, but with { <0, and the expansion of the

variables are Egs. (3.20)-(3.22) with & ; =0.

Substituting Eqgs. (3.20)-(3.22) into Egs. (3.9)-(3.13), expanding and
collecting terms of the same order in §, we obtain the following structure

equations:

A2 g 1 /A = A3 B30 DG exp(-aO7) 4.37)
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P50 _d*Pry _d2er _Gsvd> Do,
d gz d CZ d {2 Leo d ;2

A 12 e 2 b -~ S,
=[ vV d"dp, 1d ¢S,1J+[ﬁ 2 }d‘ps"’:o ,  (4.38)

Leo d¢?  Les dl? 77 Frles ) d¢
L 2P, vp PR ) o [ 2 Jd%Ra_, 439)
LEI: dCZ LER d;z 17]2- ?fLeR dC
205 §svd?dp = ddg
72 d @22_qu ‘l’cz),z _ml 461 s v2%0a
df® Lep 4¢ ¢ d¢
- |dey gGsvd®Po,
2 - = =0 , 440
" 'f( it Leo d¢ (440

o v A5, 1 d*®5, 1 d2®p,| _|d#s; .dD5;
rf 5 3 - 3 +m -V p
Leo d¢*> Les df*> Ler d¢ d¢ 4

N - dds 7 d dg
+2?f|: v dog, 1 S,l]_zc[t_"___l__:l__sé’.=o , (441)

where the reduced Damkdhler number of the soot/precursor consumption

reaction, A3, is given by Eq. (3.62).
4.2.5 Matching of Solutions in the Outer and Soot Consumption Regions

Matching of the solutions in the soot consumption region with the outer
solutions in the oxidizer side is performed by an approach similar to that
described in Section 3.2.3 and illustrated in Egs. (3.29), (3.30) and (4.14), with

{ — — . The process yields the solutions of leading order constants,

at0 =(Tfo0-Ty)/[exp(~/7r)—exp(~m)] , (442)
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ap,0 =mpexp(Lepom /7f)] (4.43)

apo =ar1=ago =0 , (4.44)
and the boundary conditions required to solve Egs. (4.37)-(4.41), given by

@5,1(§ — —) = —ap 1exp(-Leg i / F¢)—(Leo g / FF)E (4.45a)

01 (§ = —=)=—at 1[exp(—in / F¢)—exp(—m)]

—lat 0 / F)exp(~=i /F0)IE (4.46)
40y . PR ] PO P (-ﬁj (4.47)
(F. 5Bl
(dPp2/dl);5-e=0 , (4.48)
dPp,2 _ | - a0, Legi|, |Leom [ Legmm
[ ¢ ];_,_,.,— [ao’l e (2 Ff H 77 exP( Ff ] '

(4.49)
DR,1(§ > —e)=arexp(—Legm/7f) , (4.50)
(d®R2/dE) ;o =aR,1(Leg T/ 77 )exp(~Lerm/ 7¢) (4.51)
D5 o(§ > —=)=agg[l—exp(—Lesm/Fs)] , (4.52)
@51 (¢ - —)=[a5y +a5o(Les i / F5) {lexp(~ Les it/ 7f)] (4.53)
dd’iz} - a§,o(2 Lesﬁz}c}Lesﬁz (_Lesﬁtj
=las1—— -— —5—exp = . (4.54)
[ dc {—o—oo [ rf rf rfz rf

Equation (4.45a) also implies
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(AP35, / 4E) gy == (Legilp [ 7F) (4.45b)

Integrating the four expressions in Eq. (4.38) twice and Egs. (4.39)-(4.41)

once subject to the above matching conditions, we have

‘DS_,O = a§'0 exp(— Les m/ ;f) ’ (455)
@R 1 =agexp(~Legit/Ff) (4.56)
O] —Gs V Por _ ao 1 isv _Leom —ar 1| exp _m — exp(—m)
1795 e O Le, 7e T1 7r
7 Teag-T
-2 fO— b _Gcviio|C (4.57)
rf 1- exp[m(rf -1)]

P51 P51 5.0 [_Leoﬁz] 851 [Lesﬁl]

Leo Les Leo ?f 5
—%[ f’ﬁo + a§,0 exp( Les m] (4.58)
T
1 d®F, Vg dBR, 1
2. = a1 e Frexp) - : 459
LEF dC LeR d; f f
doy gsvd®os__m Tro-Tp  _ ds viip | . (4.60)
d{ Leo d¢ 7#| 1-exp[m(Ff' - 1)]
v ddgy 1 ddbg, m _Legm
A 1 _ + , 461
oo dC Les d¢ _% Vo +4ag gexp| — > (4.61)

F2(d 07 / d&)—(Gs V / LeoXd P52 / dD)]-m(O] —Gs VP 1)

= (21 / Fplat g explih / ) — s Vlip|{ — faT rexp(-iH) . (462)
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FR(V / Leo)d @5, / d8)~(1/ LesXd 52 / dE) ~(1/ LepXd DF 2 / A Q)]

=(2m / 7f)las o exp(-Lesm / ¥¢) + Vgl & — m(Ps 1 — Vg ,1)
(4.63)

In the above, Egs. (4.60) and (4.61) are obtained by differentiating Eqs. (4.57)
and (4.58) with respect to {. These equations will be used later in the analysis.

4.2.6 Expansions in the Oxidation Region

In the O(¢) oxidation region, the dominating reaction is the oxidation

reaction (R1). The proper stretched coordinate in this region is 7 =?f+£§,

where € =T} / E;, The expansions of the variables are Egs. (3.85)—(3.89), and

the conservation equations are Egs. (3.90)—(3.92).

4.2.7 Matching of Solutions in the Oxidation, Soot Formation and Soot

Consumption Regions

The boundary conditions required to integrate Egs. (3.90)-(3.92) need to
be determined from matching the solutions in the oxidation region with
those in the soot/precursor formation and consumption regions as & — foo
and { —» 0. Matching is performed following the same procedure introduced
in Section 2.2.7 and will not be repeated. Taking the matching of fuel
concentration as an example, by substituting Eq. (2.91) into Egs. (3.21) and
(3.55) with i = F, we have:

YF =[82 ®F 2 +0(8°)]+0(¢)
=0(8%)+e[const+ 5(d Py /dL) oo & +O(82)+0(e / 8)]+0(£?)

= ellgp1+ 80,2 +0(8))]+0(e/ )I+O(%)|, | (4.64)
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YE=[6 Dt +82dF 5 +0(83)]+0(e)
=[6 P 1(£=0)+0(8)]
+&{const +[(dDF 1 /dE)pg + 8(dDPE 2/ d)rog +O(5%)1E)
+0(e2)+0(e/ 8)

=e([@p1+60F 2 +0(52)]+0(s/5)}+0(52)§_m , (4.65)

Comparing terms of the same order in € between Egs. (4.64) and (4.65), we

obtain

Dr1(=0)=0 , (4.66)
(d¢F,j /dé)éeion =(d¢f,j /dg)c=o , j=1L,2 . (4.67)

Application of the same matching procedure to other variables then gives:

®51(=0)=0 , (4.68)
Tr1=00(£=0)=6f({=0)=—aF [l-exp(-m/7)] , (4.69)
- 77 - Y v Le~n

aT 1 liexp[-— ?"fl) - exp(—m)}— 51 %S;Oxexp(__eg_m]

=af [1-exp(-m/7f)] , (4.70)
Y5,0(§ = —=)=a5oexp(~Les / Ff) (4.71a)
Ys5,0(& > =) =ado[1-exp(-~Leg i / Ff)| (4.71b)
¢R,0(§ = —=)=agr exp(-Legm/7s) , (4.72a)
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-~ + -
oo ) i 2]

rf i'/I:Lep L ;f
(4.72b)
$5,0(§ > —=)=a5, exr{- Les m}+a6,1 viles eXP[ Leo "’] . (473a)

rf LEO rf
- + —
rf LEF rf

(4.73b)
(d6; /d8)g 40 =(dOF /d)pg , j=12 (4.74)

(d9;,j / dE)e 4o =(@AD7; /d)rep , i=O,R,S , j=1,2 . (475)

Equations (4.28)-(4.31) and (4.55)-(4.58) were applied in the derivation of
Egs. (4.69)-(4.73).

Integrating the three expressions in Eq. (3.90) twice and the four

expressions in each of Egs. (3.91) and (3.92) once subject to Egs. (4.67) and
(4.71)—(4.75) results in

Yso=P50=d¢y |, (4.76)

+ - - -
af,lLeR 1-exp _Le}:m — ag 1 exp _Le_Rm _ak 4| 1-exp _Le_Rm ,
vFLel: rf ‘ rf ‘ rf

(4.77)
a'fllLes Lepm a(-),IOLeS _ Lepm
Ler {1 exP( )| Lo R F
=af 1[1 - exp[-— Le~5 mj:l —-ag exp[— Le.s mJ , (4.78)
’ Tf Tf
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(dD51/d8)p—o=(dPBS1/d8) 0 (4.79)

(d67 /dl)pap+Lep  (dPE 1/ dE)pog =—aF (/7 )exp(~1/Ff)

(4.80)
Lep H(d®F 1 /d8)po+Leo (A5 1/ dE) =0 (4.81)
Lep ™ (d®f 1 /dl) oo +Leg (PR 1 /A0 =0 (4.82)
=Lep '[(dPF 2/ dE)p=o —(dDPE2 /dE)r=0] (4.83)
Lep  [(d®F 2 /d8) =0 —(dDE 5 /dE)z—0]
=Leo N [(d @52 /d8) o — (A D2 /dE)e=0] (4.84)
Lep Y [(d®DF 5 /d8)gag —(dPE 2 / dE) ;0]
=—Leg (A PR2 /dE)g=o — (A PR 2 /dE)r0] (4.85)
(dB55 /d8)e—q=(dPE /dE)r=o - (4.86)

4.2.8 Completion of the Analysis

The analysis will be finalized by substituting Eqs. (4.18), (4.33), (4.34),
(4.60) and (4.61) into Egs. (4.79)-(4.82) and rearranging, we obtain

Tro-Ty Tfo-To
~ o =—1 + ==
1-exp[m(?f -1)] exp(m/7f)-1
_(1-3s¥) Y +is Vo (4.87)

1+ .\"[: exp(Lep ﬁl/ff)—l
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~ ~ v* {[: Les m
Yen= Phind —7m, — - 48
>0 V’:exp(Lep m/ TF)—1 Mo J[l exp( 4 JJ ’ @5

Leg ™ (d®F 1 / d8)eog =[Y (i / 7}) / (1+ VE)]/ [exp(Lepi / 7)-1]
(4.89)

Leo™ (A ®5,1/ dE) g =~[Y (it / 7F) / (1+ VE)]/ [exp(Lepi / 7) — 1]
(4.90)

Equations (4.87) and (4.88) are the ones that determine the leading order flame

temperature, Tf,of and soot/precursor concentration in the oxidation region,

175’0, in terms of flame sheet location, 7¢. The solution of Ys o can then be
applied to determine aZ through Egs. (4.28), (4.55) and (4.76). In addition,
substitution of Eqgs. (4.32), (4.35)—(4.36) and (4.59), (4.62)-(4.63) into Eqgs. (4.83)-
(4.86) and rearranging results in

(1+ Vg)laT 1exp(—m)+af 1 1=(1—§s V)(@f 1+ VEpag1) (4.91)

V[ag 1v*—ag 1 (v*-1)]-a&;=0 . (4.92)
4.2.9 Rescale of the Structure Equations for Numerical Computations

The two remaining differential equations, Eq. (4.9) in the soot formation
region and Eq. (4.37) in the soot consumption region, need to be solved
numerically. Equation (4.9) with @f and ®f; respectively given by Egs.
(4.29) and (4.30) is to be numerically integrated subject to the boundary
conditions given by Egs. (4.16a, b), (4.66) and (4.89). Similarly, Eq. (4.37) with
©1 given by Eq. (4.57), and ®¥g given by Egs. (4.76) and (4.88) can be
numerically solved subject to the boundary conditions described by Eqgs. (4.45a,

b), (4.68) and (4.90).
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The numerical procedure can be facilitated by a transformation of
variables. The transformation of Eq. (4.9) is performed by defining the

rescaled variable and parameter
N={Yg (Leptt /7})/ [exp(Lep i/ Fp) -1} (4.93)
Az =(DayLeg / Vg)(T 7y / Ex)*(lexp(Lep i / 7p) =11/ [Y g w(Lep i / P
xexp{af 1[1-exp(-m/F)1-E» /Tfo} - (4.94)
Substituting these transformations into Eqgs. (4.29) and (4.30), we obtain

Of =-af 1[1-exp(~iit / )]

Tro-T. exp(—Lerm/7s)—1
£0 P F f 495
+[L8F?F,co exp(m /7)1 }71 y (4.95)

@k 1 =ag,1exp(—Leg i1/ Fg)+[Leg / (VpLep)(PEL1—1) . (4.96)

Subsequent substitution of Egs. (4.93)-(4.96) into Egs. (4.9), (4.16a, b), (4.66) and

(4.89) then yields the transformed equation and boundary conditions, given

by
2oty - ., | vpLep _ Legit) 4
1_ = — ¢ _
in? A Pr, Lex aR,1€xp > +®@r1-1
Teo-—T.. exp(—Lepm/7e)—1
Xexp [0 <Pl o/ neg (4.97)
LCFYF’,, exp(m/rf)—l
@f1(n=0)=0 |, (4.98a)
(dDF1/dN)p=o =1/ (1+Vg) (4.98b)
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+ yoVelep| + |, | Legm|| _ _Legm
DPr (N> )= Lex {aR,l[l exp[ 7r )] aR,lexP( 7 ]}+n ,

(4.99a)

(dDF1/dMpoe=1 . (4.99b)

Similarly, the system described by Eqgs. (4.37), (4.45a, b), (4.68) and (4.90)
can be transformed by defining

=(Leg miip / 7$)S (4.100)
- 2
- B Da, Legm ?fz TfZO (44 EZ
Aa= < f _eo
3 Leg Vv 45,0 €Xp ;f mmo E, =P Tf,O

- Len 7
xexp{a<af,1|:exp[—7"fl-J exp(— ﬁl)jl——%iga()lexp( eg:m]>} ,

(4.101)

substituting into Eqgs. (4.57) and (4.70) to give

- m g V Legm
or =- L &G 1+
arl[exp[ f] exp(— m)} lo[ 0,1 ao1exP[ 7r H

1| Tro-Tp)/ 7o . .
~ . - , (4.102)
Leo{ I—explmGFI-D] V} !

and applying these expressions to the equation system to yield

@2 @5 ,/dn*)=A3 5,

Tro-T G V
xexp{ a | (Tpo-Ty)/ Mo ﬁso]ﬂ-aqsv¢6,1} . @103)

Leo | 1-expli(Ff'-1)] Leo

¢6,l(r’ = 0) =0 , (4.1043)
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(@ @51/ dMn=0 = YE . / [Fio (1+ Vg)]}/[exp(Lep i / 7¢)—1] ,(4.104b)
D5,1(N— —=)=-ap 1exp(—Legm /Fs)-n , (4.105a)

(d (p(—),l /d n)n-e—oo =-1 . (4.105b)
4.2.10 Summary of the Analytical Results

The analysis is completed at this stage and the result is summarized as
follows. For any specified conditions, Eq. (4.103) can first be integrated
numerically subject to the four boundary conditions given by (4.104a, b) and
(4.105a, b). The procedure is followed by the numerical integration of Eq.
(4.97) subject to the four boundary conditions given by Eqgs. (4.98a, b) and
(4.99a, b). Because only two boundary conditions are required to solve each of
these two second order differential equations, there are four additional

conditions. These four extra conditions are then applied to determine the

flame sheet location, 7¢, and the eight undetermined constants, a%,l, af 1,
ao 1. aﬁll and af,l when coupled with Egs. (4.70), (4.77), (4.78), (4.91) and (4.92).
By applying these results, af,o can finally be determined from Egs. (4.28),
(4.55), (4.76) and (4.88) while the flame temperature, Tf, can be determined

from Egs. (3.89), (4.69) and (4.87).

The soot/precursor concentration at the boundary between the
soot/precursor consumption region and the inert region at the oxidizer side

of the reaction regions can be obtained from Eq. (4.8a) as

Y5(7f)=(a5p +8as)exp(—Lestm /T)+... (4.106)
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This quantity is represented by a soot/precursor indicator, S;. Accordingly,
the soot/precursor concentration at the boundary between the soot/precursor
formation region and the inert region at the fuel side of the reaction regions,
which represents the amount of soot/precursor that exists in the combustion

products, is given by Eq. (4.8b) as
YE(Fp) =(ag o +8ag ) 1—exp(—Legm [ 7)+... . (4.107)

This quantity is expressed by a soot index parameter Sp to have the notation

consistent with that of Chapter 3.

In the limiting case of extremely slow soot/precursor consumption
reaction, the consumption reaction is considered an order of magnitude
slower than the soot/precursor formation reaction so that 8= O(8). For this

case, Eq. (4.103) can be integrated subject to Egs. (4.104a, b) to yield
D51 =—{(Yr,w/ o)/ (1+ V) /lexp(Lep / F¢)-11In . (4.108)

Subsequent application of Egs. (4.105a, b) into Eq. (4.108) then results in

a5, =0 and
Fp=Lepm /I[1+(Yp o / ) / (1+ Vp)| (4.109)

such that the flame location is analytically determined. Equation (4.109) in
turn can be substituted into Eq. (4.87) to yield the solution of Tf,o. Equation

(4.97) still need to be solved numerically subject to the four boundary

conditions in Egs. (4.98a, b) and (4.99a, b), with two of which applied to
determine af q, af 1, ag 1 and 43, together with Egs. (4.70), (4.77), (4.78), (4.91)

and (4.92).
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As mentioned in Chapters 2 and 3, the analysis is applicable only for a
diffusion flame in Lifidn’s (1974) diffusion flame regime and sufficiently far
away from the extinction limit.
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4.3 Results and Discussions

The numerical calculations to complete the study are performed by
adopting the same thermo-chemical data adopted in Chapter 3. As in
Chapters 2 and 3, the study will cover two limiting cases, namely the air/fuel
flame and the oxygen/diluted-fuel flame. The differences in the flame

structure between the two limiting cases are shown schematically in Fig. 4.1.

For the air/fuel flame shown in Fig. 4.1 (a), air is supplied from the
burner and flows into the quiescent ambient filled with fuel gas. The reaction
regions, including the oxidation region, the soot formation region and the
soot consumption region, are relatively close to the burner because of the low
initial oxidizer concentration as compared to that of the fuel. In the other
limit, namely the oxygen/diluted-fuel flame shown in Fig. 4.1 (b), the inert
gas is separated from the air and supplied with the fuel so that only the pure
oxygen is issued from the burner. The fuel consumption rate and the overall
stoichiometry are maintained for both of these cases to ensure that the total
enthalpy is unchanged. As in Chapter 3, the fuel consumption rate is kept at
1.51 mg/s, except when the effect of mass flow rate is addressed, such that the
mass flow rate for the oxygen/diluted-fuel flame is lower. The redistribution
of inert gas yields a reduction in the initial fuel concentration and an increase
in the initial oxidizer concentration such that the reaction regions are much
farther away from the burner. It also renders a lower/higher temperature
gradient near the boundary between the reaction regions and the inert region
at the oxidizer/fuel side. Moreover, the temperature gradient at the burner
exit is increased as a result of reduced mass flow rate, and consequently the

heat loss to the burner is enhanced and the flame temperature is reduced.
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Figure 4.1(a) Schematic diagram of the flame structure for
air/fuel flame in the spherical diffusion flame
stabilized by a spherical porous burner
with the oxidizer supplied from the burner
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Figure 4.1(b) Schematic diagram of the flame structure for
oxygen/diluted-fuel flame in the spherical
diffusion flame stabilized by a spherical porous
burner with the oxidizer supplied from the burner
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As is known, both the soot formation and consumption reactions occur
only at high temperatures because of their high activation energies.
According to the temperature distribution discussed in the previous
paragraph, formation of soot/precursor is favored for the air/fuel flame
because of its thicker formation region and thinner consumption region. Its
higher flame temperature further enhances the soot/precursor production
rate. Both the residence time (thickness of the reaction regions) and the
reaction rate (flame temperature) promote the overall soot production. It is
then expected that inert redistribution has a profound effect on the reduction
of soot precursors and particles produced from a diffusion flame with the

flow direction towards the fuel side.

For the air/fuel flame, we have YFr,o =1, Y0,0 =0.233 and m varying
between 20.46 and 22.22 mg/s (22.33 < m < 24.26). Because the flow direction
is from the burner to the ambient, that is, from the oxidizer to the fuel side
for the problem studied in this chapter, the soot/precursor produced in the
formation region can only be transferred to the consumption region through
diffusion against convection. It is then expected that the soot consumption
reaction is less important and the soot indicator parameter Sy is very small.
For this problem, the soot index parameter, Sg, which represents the
concentration of soot precursor at the boundary between the soot formation
region and the fuel side inert region, is more relevant in quantifying the
overall soot production. Results of calculations on the values of Sy and Sp
versus the Damkdhler number of the soot/precursor formation reaction, Daj,

for selected values of Band &= Leg = Les =1 are shown in Figs. 4.2 and 4.3.
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As in previous chapters, unity Lewis numbers are used as reference values to
facilitate the discussion. The curve for B = O(J) in the figures represents the
limiting case of an extremely slow soot/precursor oxidation reaction. For this
system, the variation of Daj is caused solely by the variation of the pre-
exponential factor B, or the reaction rate. As expected, Fig. 4.2 shows that S is
negligibly small comparing to Sp and will not be presented for the rest of this

chapter.

It is shown in Fig. 4.3 that by increasing Daj from a small value, Sg first
increases, attains a maximum, and then decreases, similar to the behavior of
St presented in Fig. 3.2. This behavior does not agree with the expectation
that S should increase monotonically with Da; because more soot/precursor
is produced by increasing the rate of soot formation reaction and the direction
of convection is toward the fuel side. The reason for the disagreement is
again that Sp only represents the concentration at the boundary between the
soot formation region and the fuel side transport region. The net soot
production is known to increase monotonically with soot formation reaction
rate until Day is sufficiently large and all the radicals are consumed in a thin
region next to the downstream boundary of the oxidation region. At this
reaction sheet limit, the overall soot production reaches its maximum value
asymptotically. With the increase of B, the soot consumption reaction occurs
and Sp decreases. In addition to the above understanding, Fig. 4.3 also shows
that the soot consumption reaction is distinguishable only for extremely large
values of B, which further supports our expectation that the soot

consumption reaction is less important.

To better understand the non-monotonic behavior shown in Fig. 4.3, the
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composite solution of the soot concentration in the soot formation region
and the fuel side inert region, Y%, is plotted versus the spatial coordinate
along the radial direction in Fig. 4.4 with a =Ler = Les =1 and B = O(J). The
plot is presented by using the inner coordinate & such that the variation can
be observed more clearly. Four values of Daz, Da3 = 0.068, 0.109, 0.275, and
2.49 are selected to include both the ascending and descending branches of Sg
in Fig. 4.3. It is very clearly shown in Fig. 4.4 that for a low Daj, e.g.
Daj = 0.068, the soot formation reaction is weak and the value of Y is
relatively small. For this case, the consumption of the radical produced in the
oxidation region is slow and a larger amount of radical enters the inert region
in the fuel side without being converted to soot precursor. The soot
formation reaction occurs in the whole formation region and the peak of Y&
is located relatively away from the oxidation region (larger &). With an
increase in Daj, soot precursor is produced and the radical is consumed at a
higher rate such that the amount of soot/precursor and Y¢ are increased.
The peak of Y also assumes a higher value and shifts toward the oxidation
region because of the faster radical depletion rate. When the soot formation
reaction is sufficiently strong, as represented by the Da; = 2.49 curve, most of
the radical is reacted in a narrow region near the oxidation region such that
the peak of Y¢ is high and at a low £&. The soot formation reaction ceases in
the rest of the formation region although the temperature is still high. The
value of YZ then drops faster due to the higher diffusion rate caused by the
higher concentration gradient, and results in a lower Y¥ at sufficiently large
values of £. The curves shown in Fig. 4.3 represents a snap shot of Y¢ ata ¢
large enough to be considered as the outer boundary of the soot formation

region.
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As is realized, the more instrumental parameter to represent the overall

soot/precursor production is the flame temperature, Tf. As shown in Fig. 4.5,

for the limiting case of B = O(9), f'f decreases monotonically with increasing

Daj, and reaches an asymptotic value for large values of Da;. This shows that
the net soot/precursor production increases monotonically with increasing
Da,, and reaches a maximum value when all the radical is consumed, as
discussed earlier in this chapter and the previous two chapters. For non-zero
values of , there is a critical Da at which Ty attains its minimum value. T¢
increases with increasing Da3 from this critical value because of the additional
heat release through the soot consumption reaction. Moreover, the critical
Da; decreases with increasing f. This is consistent with the observation in
Chapter 3. It should be reminded, however, that for the flames studied in this
chapter, the soot consumption reaction is not important. The unreasonably

large values of f adopted in Figs. 4.3 and 4.5 is for scientific discussion only.

To complete the study, the flame sheet location 7¢ is presented in Fig. 4.6

as a function of Daz. Although the qualitative behavior exhibited in Fig. 4.6 is
the same as that of Fig. 3.4, the reason for such behavior is different for non-
zero f flames. From Chapter 3, it is understood that for the fuel/air flame,
the soot/precursor consumption reaction yields an O(1) oxidation of
soot/precursor and consumes an O(1) of the oxidizer when f is not zero. The
reduction of the oxidizer supply then forces the flame to move towards the
oxidizer side (ambient). For the air/fuel flame, the loss of oxidizer supply
caused by the soot/precursor consumption reaction requires extra supply of
oxidizer to maintain the specified fuel consumption rate. Consequently a

higher mass flow rate must be issued from the burner, which results in a

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—\e
—_—
“w
gl (S
=
S
8 - I
Q
—
—
t L | |
=
\& -
5 < £ 2
2 S S S
Q ° c
=1 t[:\
169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Daz

Figure 4.5 The flame temperature T corresponding to Fig. 4.3



B =0(3)

8.8
8.2
8.0

0

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Daz
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larger ?f. The effect of mass flow rate, and the outward shift of ?f, is stronger

with increasing B, which is expected.

As in Chapters 2 and 3, the effects of diffusion transport of the radical
and soot/precursor will be addressed by varying one Lewis number at a time
and the results are presented in Figs. 4.7 and 4.8 by plotting f'f versus Daj.
Comparing Fig. 4.7 and 4.8 with Figs. 3.8 and 3.11, it is found that the effects of
Ler and Legs for the air/fuel flame are qualitatively similar to those of the
fuel/air flame. It is, however, noted from Fig. 4.8 that Les has only a
secondary impact on the flame response. A magnified scale showing a
narrow region of Tf is necessary to exhibit the difference in the solution
introduced by Les. As is known from Chapter 3, the solution of the 8 = O(4d)
flames is independent of Les because of the negligible soot consumption
reaction. For the air/fuel flame, the soot consumption reaction is weak even
for non-zero values of B, which is a consequence of the unfavorable

convection direction discussed earlier, such that the effect of B is insignificant.

Following the same sequence as in Chapter 3, the flame response to the
variation of the burner flow rate also needs be discussed for it is the more
realistic controllable variable in experimental studies. An example showing
the physical behavior is shown in Figs. 4.9-4.11 by plotting the flame
temperature, ’f'f, flame location, ?f, and soot/precursor index, Sg, versus the
burner flow rate, i, respectively, for o = Ler = Les =1 and Daz = 2.0. These
figures show that the behavior of Tf is similar to that presented in Figs. 3.13
(if the range of 1 is extended) and 3.21, and the behavior of 75 is qualitatively
similar to that presented in Figs. 3.13 and 3.22. In addition, the behavior of Sp

corresponding to the variation in 7 is qualitatively similar to that of Daz. All
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of these agree with those in Chapter 3. Although Fig. 4.10 exhibits a weak
dependence of 7¢ on B when m is large, in that 7, decreases with increasing j
because more oxygen is consumed from the soot/precursor consumption
reaction, such variation is indistinguishable for reasonable values of B. The

similar dependence, meaning that 7, increases with increasing B, can be

observed in Figs. 3.14 and 3.22 if the values of B are sufficiently large.

The study is continued with the flame response and sooting behavior
corresponding to the variation of stoichiometric mixture fraction. As in the
previous chapters, this task is performed by examining the limiting case that
all the inert is supplied with the fuel gas in the ambient and the pure oxygen
is from the burner while maintaining the same stoichiometric relation. In
this limit, we again have Y0,0 =1 and YF,» varying between 0.08143 and
0.08784. Moreover, by maintaining the fuel consumption rate of 1.51 mg/s, m
varies between 4.77 and 5.18 mg/s (5.20 < m <5.65). Sample calculations were
performed using a = Leg = Les =1, and the results are presented by plotting
Sg, Ty, and 7 versus Day in Figs. 4.12-4.14. Based on the experience gained
from previous chapters, it is expected that the qualitative behavior of the
oxygen/diluted-fuel flame is similar to that of the air/fuel flame. The
comparison between Figs. 4.12-4.14 and 4.3, 4.5-4.6 supports this expectation.
Although the peak of Sp for the 8 = O(9d) flame is not shown on Fig. 4.12, it

exists at a higher Da>.

Quantitatively, Figs. 4.12 and 4.3 show that for the oxygen/diluted-fuel
flame, the value of Sg is much smaller and the value of Da3 to yield the peak
value of Sp is much higher. This implies that it is more difficult to produce

soot/precursor and the amount of soot/precursor production is much lower.
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Figure 4.14 The flame sheet location Fs corresponding to Fig. 4.12



Figures 4.5-4.6 and 4.13-4.14 then show that the oxygen/diluted-fuel flame is
located further away from the burner and has a lower flame temperature.
The differences in the flame location and flame temperature between the two
limiting flames is relatively easy to understand. When the inert gas appears
with the fuel, pure oxygen is issued from the burner and the mass flow rate is
significantly reduced. This raises the heat loss from the gas to the burner such
that the flame temperature is lower. The low initial fuel concentration and
high oxygen concentration as a result of inert redistribution is responsible for

the outward shift of the flame.

As to the reduction of soot production for the oxygen/diluted-fuel flame,
it is understood that the decrease of the mass flow rate (reduced to 23.3 % of
the air/fuel flame) and the increase of the flame standoff distance (increased
to 256 % of air/fuel flame) results in a much lower mass flux (3.55 % of the
air/fuel flame) near the reaction regions. Consequently, the thickness of the
soot/precursor formation region is reduced and the soot/precursor
consumption region is broadened. The reduction in the mass flux also
promotes the diffusion of soot/precursor into the soot consumption region so
that the soot consumption reaction is much more effective. This is supported
by the larger difference produced by smaller values of  shown in Figs. 4.12—
4.14. The reduced residence time in the soot/precursor formation region
suppresses the soot/precursor formation reaction, while the enhanced soot
consumption reaction consumes more soot/precursor, so that the total
amount of soot produced is lower. In addition, the reduced flame
temperature further retards the production of soot/precursor and lower the

amount of soot formation.
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Unlike the case in Chapter 3 for which the inert redistribution causes a
large difference in the flame temperature, the inert redistribution for the
air/fuel flame introduces only a slight difference in the flame temperature.
For the burning of ethylene, each mole of ethylene reacts with three moles of
oxygen. By keeping the ethylene consumption rate at 1.51 mg/s, the mass
flow rate from the burner is much higher compared to that of the fuel/air
flame studied in Chapter 3 even for the oxygen/diluted-fuel flame. Because a
higher burner flow rate means a lower heat transfer rate to the burner, there
is only an insignificant increase in the heat loss to the burner through the
inert redistribution. The numerical calculation shows that the burner needs
to be raised only to 317.15K for the oxygen/diluted-fuel flame to keep the
same flame temperature as the air/fuel flame with the burner temperature of
300 K. The negligible change in the flame temperature caused by the inert
redistribution makes the separate comparison of sooting behavior between

the two limiting flames with the same flame temperature unnecessary.

Finally, the effect of burner flow rate on the response of the
oxygen/diluted-fuel flame is presented in Figs. 4.15-4.17 by plotting Tf, T,
and Sp versus m with @ = Leg = Les=1 and Daz =2.0. These figures show
that the flame response is qualitatively similar to that of the fuel/air flame
presented in Figs. 4.9—4.11, consistent with the discussion in Chapter 3, and
will not be further elaborated. The non-monotonic behavior observed in Fig.

4.9 can be seen in Fig. 4.15 when the range of m is extended.
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CHAPTER 5
CONCLUDING REMARKS

In this study, the formation and consumption of soot/precursor in a
diffusion flame is analyzed by activation energy asymptotics. Two model
flames, namely, the counterflow flame and the spherical flame stabilized by a
spherical porous burner, are investigated. Simplified three-step chemical
kinetics is adopted to describe the oxidation, soot/precursor formation and
soot/precursor consumption reactions. Flame responses to the reaction rates
and transport processes are obtained. Two limiting cases, the fuel/air flame
and the diluted-fuel/oxygen flame, are considered for both of the flame
geometries to understand the effects of hydrodynamics and flame structure
on soot inception in diffusion flames. Although the evolution of soot
precursors to soot particles is not included in this study, the results are
applicable based on the understanding that the production of soot particles is

dependent on the availability of soot precursors.

The results show that in the limit of negligible soot consumption
reaction, the amount of soot/precursor production increases, but the rate of
increase slows down, with the soot formation reaction rate, Da;. When the
soot formation and consumption reactions are comparable, there exists a
critical Day at which the soot production is the highest. For values of Da3
higher than this critical value, soot/precursor production decreases because of
the enhanced soot consumption reaction. The critical Das decreases with
stronger soot consumption reaction. As to the molecular diffusion, the

soot/precursor production reduces with faster radical diffusion. The
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diffusion rate of soot/precursor does not affect the soot production if the soot
consumption reaction is negligible. Otherwise, slower soot/precursor
diffusion yields less soot generation because the residence time allowed for

the soot consumption reaction is longer.

The effect of stoichiometric mixture fraction, Zs;, is studied by extracting
the inert gas from the oxidizer mixture to the fuel. The inert redistribution
shifts the flame location closer to the oxidizer side when the inert is supplied
with the oxidizer (a smaller Z5; ). For the representative calculations
performed in this study, Zs = 0.064 for the ethylene/air flame and 0.78 for the
diluted-ethylene/oxygen flame. It is found that the soot consumption
reaction is much more dominant for the diluted-fuel/oxygen flame than the
fuel/air flame. As a result, the soot production is reduced and, in certain

cases, completely suppressed by redistribution of inert from the air to the fuel.

The inert redistribution varies the two primary mechanisms that control
the formation of soot precursors: the flame structure and the flow velocity
(hydrodynamics) in the reaction regions. Among all the flames studied in
this investigation, the inert redistribution introduces the strongest reduction
in the production of soot/precursor for the counterflow flame. In the fuel/air
counterflow flame, the direction of convection is from the oxidizer side to the
fuel side and the soot formation region is much broader than the soot
consumption region. Both of these favor the production of soot/precursor.
These conditions are reversed for the diluted-fuel/oxygen flame, i.e., the flow
is from the fuel side to the oxidizer side and the soot formation region is
much thinner than the soot consumption region, which retards the soot

formation reaction and promotes the soot consumption reaction so that the
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production of soot is suppressed.

Because the effects of flame structure and convection are inseparable for
the counterflow flame, the spherical flame stabilized by a porous burner is
studied. For the spherical flame, the convection is allowed to vary either
from the fuel to the oxidizer side by issuing a fuel flow from the burner into a
quiescent oxidizing mixture or from the oxidizer to the fuel side by supplying
an oxidizer flow from the burner into a fuel ambient. The flame structure
also can be independently controlled by supplying inert either with oxygen or
fuel. The flexibility in varying the flow direction and the flame structure
independently allows for the investigation of the four limiting cases as

reported in Chapters 3 and 4.

For the fuel/air flame and the dilute-fuel/oxygen flame presented in
Chapter 3, the flow direction is from the fuel side to the oxidizer. The
soot/precursor produced from the soot formation region needs to pass
through the soot consumption region before entering the inert region. The
flow direction is reversed for the air/fuel flame and the oxygen/diluted-fuel
flame presented in Chapter 4. For these flames, the soot/precursor produced
in the soot formation region is convected away from the soot consumption
region and directly into the inert region. Therefore, the hydrodynamics
favors production of soot/precursor for the air/fuel and oxygen/diluted-fuel
flames, and consumption of soot/precursor for the fuel/air and diluted-
fuel/oxygen flames. Soot consumption reaction is not effective for soot
production in the air/fuel and the oxygen/diluted-fuel flames because of their

unfavorable flow direction.
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The flame structure that varies with the inert redistribution then shows
that the diluted-fuel/oxygen flame and the oxygen/diluted-fuel flame possess
a much thinner soot formation region and thicker soot consumption region
compared to the fuel/air flame and the air/fuel flame. This indicates that

soot production is favored for the fuel/air and the air/fuel flames.

Taking the spherical fuel/air flame as the reference flame, which is sooty
as indicated by the value of soot index Sp, the sooting behavior of the other
three limiting spherical flames can be assessed by comparing them to it. For
the range of Dajy that yields a sooty fuel/air flame, Sp is practically zero for the
diluted-fuel/oxygen flame. Non-zero Sp can be observed only when Das3 is
extremely large. This implies that the diluted-fuel/oxygen flame is primarily
soot free. Moreover, the value of Sg for the air/fuel flame is much larger
than that of fuel/air flame, indicating that the air/fuel flame is sootier than
the fuel/air flame. Finally, similar to the diluted-fuel/oxygen flame, the
oxygen/diluted-fuel flame shows negligibly small Sg and is another soot free

flame.

According to the above discussions, the sooting behavior of the four
limiting flames and their relationships to the flame structure and flow
direction are shown in Table 5.1. It is clear from Table 5.1 that the air/fuel

" flame is sooty because the flame structure favors soot formation and the flow
direction suppresses soot consumption. On the contrary, the diluted-
fuel/oxygen flame is soot free for the flame structure suppresses soot
formation and the flow direction promotes soot consumption. The sooting
behavior of the fuel/air flame and the oxygen/diluted-fuel flame is not as

clear because the effects of flame structure and flow direction oppose each
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other. For the fuel/air flame, the flame structure favors soot formation while
the flow direction favors soot consumption. As to the oxygen/diluted-fuel
flame, the flame structure suppresses soot formation while the flow direction

restrains soot consumption.

Table 5.1 Effects of flame structure and flow direction on the sooting

behavior of the spherical flames

Flames Flame Structure Flow Direction Sooting
Behavior
Fuel/air Favors soot Promotes soot Sooty
formation consumption
Diluted-Fuel/ Retards soot Promotes soot Soot Free
Oxygen formation consumption
Air/Fuel Favors soot Restrains Sooty
formation soot consumption
Oxygen/ Retards soot Restrains Soot Free
Diluted-Fuel formation soot consumption

The results of this study, showing that the fuel/air flame is sooty and the
oxygen/diluted-fuel flame is not, suggest that the soot inception process is
primarily controlled by the flame structure, in agreement with the
experimental study of Du and Axelbaum (1995). Recent experiments
performed by our collaborators at NASA Glenn Research Center (Sunderland
et al., 2001) using the 2.2 sec drop tower show that the fuel/air and air/fuel
flames are indeed sooty while the diluted-fuel/oxygen and oxygen/diluted-
fuel flames are soot free. This further supports the finding of the present
study. The flow direction (hydrodynamics), although important in the

oxidation of soot precursors or particles, is secondary in soot inception.
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Finally, because the soot formation reaction is retarded while the soot
consumption reaction is promoted when the inert gas is supplied with the
fuel, inert redistribution is an effective technique to reduce or completely

suppress soot production in nonpremixed combustion systems.
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