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Abstract

An experimental and numerical study of a turbulent smoke point diffusion flame
in a quiescent and cross-flow condition was performed. The fuel mass flow rate of a
turbulent smoke point flame was determined at a quiescent condition and in cross-flow
with velocity ranging from 2 to 4 m/s. This fuel mass flow rate is defined as the Critical
Fuel Mass Flow Rate (CFMFR). The fuel used in this study was propylene and the burner
jet diameter of 3.2 mm ID was used. The jet range of Reynolds number for quiescent
condition was 2511 to 24981; at 2m/s cross-flow, the Reynolds number and Flame
Froude number range was 1136 to 12614, and 3.17 to 2.85; at 3m/s cross-flow, the range
was 1032 to 12036 and 3.71 to 3.88; at 4 m/s cross-flow, the range was 760 to 10501 and
2.12 to 4.32. At a fuel mass flow rate below the CFMFR the flame produces smoke. In
the dilution study, an amount of inert gas (nitrogen) was added to the fuel stream to
achieve the smoke point condition for ten different fractions of CFMFR. From this
dilution study, three regions were defined, the chemically-dominated region, transition
region, and momentum-dominated region. The first objective of this study was to
determine the factors behind the distinction of these three regions. The second objective
was to understand the effect of cross-flow velocity on the smoke point flame structure.
The flame temperature, radiation, geometrical dimension of flame, velocity, and global
emissions and in-flame species concentration were measured. Laser Induced
Incandescence (LII) was used to measure the soot concentration and Laser Induced
Fluorescence (LIF) was used to measure the OH concentration. The third objective was to
study a numerical model that can simulate the turbulent smoke point flame structure. A

standard k-¢ model was used to calculate the flow characteristics and a mixture-fraction
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equilibrium method was used to simulate the chemistry of combustion process. A
probability density function was used to compute the interaction of the turbulence and
chemistry of the flame.

The dilution study showed that the flames in quiescent condition and in the 3.5
and 4 m/s cross-flow condition had the chemically-dominated region at 5% to 20%
CFMFR, the transition region at 20% to 40% CFMFR, and the momentum-dominated
region at 40% to 100% CFMFR. On the other hand, the flame in cross-flow of 2 to 3 m/s
showed the chemically-dominated region at 5% to 10% CFMFR, the transition region at
10% to 30% CFMFR, and the momentum-dominated region at 30% to 100% CFMFR.
The chemically-dominated flame had a sharp dual-peak structure for the flame
temperature, CO, and NO concentration profiles at 25% and 50% flame length. However,
the momentum-dominated region flame exhibited a dual peak structure only at 25%
flame length. The decrease of flow rate from 30% to 10% CFMFR showed an increase of
flame length. The LII study showed that the soot concentration increased with the
decrease of the turbulence intensity in the momentum dominated region (tested on the
100% and 60% CFMFR). On the other hand, from the transition region to the chemically-
dominated region, the soot concentration showed a decrease, which exhibited the
opposite behavior of the 100% to 60% CFMFR flames. Hence, the jet momentum had the
least effect in the chemically-dominated region. The comparison of the OH and soot
concentration profiles shows that OH dominates the soot oxidation process for a
chemically-dominated region flame. However, the momentum-dominated flame showed
that OH dominated the soot oxidation process only in the near-burner region (~25% of

the flame length), and most of the flame soot oxidation process was dominated by O,
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concentration. The division of the dominance of OH (whose production is dependent on
chemical reaction rate) and O, (whose concentration in the flame is mainly dependent on
diffusion rate) in oxidizing the soot are the prominent factors behind the distinction of the

three regions.

The cross-flow velocity had a non-monotonic effects on the flame. The evidences
could be observed from the flame length and the soot concentration results. The flame
length showed a decrease when the cross-flow velocity increased from 2 to 3 m/s.
However, the flame length increased when the cross-flow velocity was increased from
3.5 to 4 m/s. The flames in cross-flow velocities of 3.5 and 4 m/s behaved like a co-flow
flame, which caused the decrease of mixing rate, and the increase of flame length. The
overall soot concentration showed a decrease for the flames at 2 m/s to 3 m/s cross-flow
velocity. However the flame at 3 to 4 m/s cross-flow showed an increase of overall soot
concentration.

The numerical model was fairly adequate in qualitatively predicting a smoke
point turbulent diffusion flame structure in a cross-flow and quiescent condition. The
model failed in the prediction of a laminar flame. The model showed a good agreement
between experimental and numerical results for O, concentration and flame temperature.
The numerical CO, concentration results showed a good agreement with the experimental
results for most of the cases. However, CO concentration was over predicted in the high
equivalence ratio region because of the presence of soot in the experimental flame (which
was not considered in the numerical model) and the inadequacy of the equilibrium model

in predicting CO.
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Chapter 1

Introduction and Objectives

The main purpose of this study was to investigate the reason behind the
distinctions of the momentum and chemically dominated regions of turbulent flames near
smoke point. The study was approached through conventional experimental methods and
laser diagnostics. Furthermore, a computational model was also used to numerically
study the flames in quiescent and cross-flow conditions at smoke point condition. This
thesis consists of seven chapters and three appendices.

Chapter II contains the literature review of the pertinent topics. The definition of
smoke point, the momentum and chemically dominated regions are explained in this
chapter. The soot formation and oxidation processes, and a brief explanation of the
methodology used to investigate the processes are also discussed in this chapter.

In Chapter 111, the critical fuel mass flow rate (CFMFR) at the smoke point of the
flame is first defined. The results of the CFMFR for all the experimental conditions are
presented. Then, the results of nitrogen gas dilution study on propylene flames at the
different fractions of CFMFR are presented. From the dilution study result, the chemical-
dominated, momentum-dominated and transition regions are defined. A series of
conventional analytical methods were used to characterize the smoke point flame. The
results include the temperature, global and in-flame species concentrations (O,, CO, CO,,
NO, and NOy), soot concentration, velocity, flame height, and flame radiation. Also, the
dilution effect of different inert gases was also investigated.

Chapter IV focuses on the investigation of the soot concentration distribution of

the smoke point flame for both in the momentum and chemically dominated regions.



Laser Induced Incandescence (LII) was used for the soot concentration study. A brief
introduction of LII modeling is discussed in this chapter to provide an understanding of
the soot particle heating process by a laser. Then, a literature review of the LII method is
also summarized in a table to show the wide applications of LII method. A review of this
literature facilitated the development of an optimized way to apply LII for the soot
concentration measurement. Then, the LII signal was calibrated with the known soot
concentration results from literature. The soot concentration measurement was performed
in quiescent and three selected cross-flow conditions at three flame locations. The results
and discussions of the soot concentration distribution provide an understanding of the
distinction of the two regions.

The OH concentration measurement with Laser Induced Fluorescence technique
(LIF) of the smoke point flame is discussed in Chapter V. The modeling of the OH
measurement methodology is first discussed, and then followed by the OH Laser Induced
Florescence (LIF) signal modeling. The OH and soot concentration results were put
together to delineate the dominant soot oxidation mechanism. The discussions provide an
understanding of the soot process in the momentum and chemical dominated regions.

The numerical modeling of the smoke point flame is presented in Chapter VI. The
flow modeling, the energy equation and the PDF modeling for the combustion process
are first discussed. Then, the boundary conditions, the grid generation and validation, and
converging criteria for the study are presented. The comparison of the experimental and
the numerical results is then presented in a later section. Finally, the effectiveness of the

numerical model in modeling the flame is discussed.



The overall discussion and conclusion are presented in Chapter VIL In this
chapter, the inferences on the distinction of the momentum and chemically domination
are drawn based on the evidence and results provided in the previous chapters. The cross-
flow effect on the smoke point flame is also discussed in this chapter. A few
recommendations for future numerical and experimental research are presented in the last
part of the chapter.

Appendix I is the LII signal correction program. Appendix II shows an example
of the uncertainty calculation, and Appendix III shows the sample calculation of some of

the important parameters.



Chapter 11

Literature Review

2.1 Introduction
Concern about the possible environmental impact caused by flare stacks has

initiated much research. A flare produces highly turbulent diffusion flame in cross-flow
(TDFCF). Flares are often used in petroleum refineries or chemical plants. Sometimes the
flares extend up hundreds of feet during plant shuts down or some other operations.
Large amounts of smoke may be released from the flare due to incomplete combustion. It
is well known that smoke and soot particles associated with it are hazardous to humans
and other living organisms. Death from lung cancer and cardiopulmonary disease are
related to air pollution. Small particles with a diameter equal to or smaller than 2.5 pum
are a potential risk to health because they are likely to be of higher toxicity than larger
particles and they can penetrate deeper into the cardiopulmonary system (Miller et al.,
1979). Hence, investigations have to be performed to optimize the combustion process to
minimize the emission of pollutants. The combustion characteristics of flare stacks are
very complex due to the interaction between an uncontrolled environment (wind or cross-
flow) and the varying composition of the hydrocarbon fuel and other gases that leave the

stack.

2.2 Smoke Point

Smoke is a cloud of soot particles that escape unburned. A diffusion flame

produces smoke over a wide range of fuel flow rates. Above or below this flow rate the



flame does not smoke. A laminar diffusion flame with an initial fuel flow rate that does
not produce smoke will eventually emit smoke if the fuel flow rate is increased to a
critical point. The increase of fuel flow rate increases its residence time in the flame,
which allows a larger concentration of soot. Soot particles will eventually grow by
coagulation and some other factors that will be addressed in the following section. The
higher soot concentration of the flame increases radiation losses, which leads to a cooler
flame (Kent and Wagner 1984). Flame temperature plays a key role in soot production
and oxidation process (which will be explained in the soot formation section). Then, a
further increase of fuel flow rate will transform the laminar flame to a turbulent flame.
Subsequently, the flame stops producing smoke if the flow rate is increased to a certain
critical point. Hence, there are two smoke points for a diffusion flame. There has been
extensive research on the first smoke point in the laminar flame region, where the flame
just starts to smoke, but there are only a few studies on the second smoke point in the
turbulent region.

A well-accepted definition of flame smoke point is the condition just before soot
escapes unburned from a laminar flame. Alternately, Roper and Smith (1979) define
smoke point as the condition at which the soot oxidation would become negligibly small.
Due to some complications in the experiment to determine the smoke point (laminar
flame) performed by Glassman and Yaccarino (1980), their definition of smoke point was
the condition where the ‘wings’ (due to soot breakthrough) reach the same height as the
corresponding flame apex. Although there are several methods to determine smoke points
of laminar diffusion flames (Kent and Wagner, 1984; Roper, 1984; Glassman and

Yaccarino, 1981), there is hardly any literature concerning the method to determine the



turbulent flame smoke point. Hence, the objective of the author and co-workers was to
develop a technique to determine the smoke point of turbulent diffusion flames and to
characterize the sooting properties of selected hydrocarbon fuels (propylene, ethylene and
propane).

The author and collaborators have done an extensive study on turbulent smoke
point in quiescent and cross-flow conditions. In previous studies, (Goh, 1999) the relation
of the smoke point with the mass flow rate of fuels and the mass flow rate of nitrogen
were established for three different fuels, three different burners, and a set of cross-flow
conditions. Besides, mass flow rate results (CFMFR and dilution), the total flame
radiation, and the profiles of radiation, temperature, soot and pollutants were also
obtained.

From the results of the mass flow rate required to attain the smoke point, two
distinct regions were discovered. These two regions were labeled Region I and Region II.
To provide an understanding of these two regions, let us examine the results of one of the
cross-flow smoke point experiments of an ethylene diffusion flame in 2.68 m/s cross-
flow in Figure 2.1 (Goh, 1999). The results are presented in the form of the variation of
the critical fuel mass flow rate versus the mass flow rate of nitrogen required to be added
to the fuel to achieve the smoke point. The critical mass flow rate (CFMFR) is defined as
the mass flow rate of the pure hydrocarbon fuel at the smoke point of its attached flame.
In fact, all the smoke point results showed similar trends, where the nitrogen flow rate
rose from zero at the 100% critical mass flow rate, attained a maximum value at a certain
fraction of the critical flow rate, and then decreased to zero at the zero fuel mass flow

rate. Smoke emission from diffusion flames basically depends on the soot formation and



burnout processes occurring in the flame. Both these processes are functions of the soot-
precursor species concentrations, temperature distribution, soot trajectories, and residence
time of the soot particles in the flame field. In a diffusion flame, if soot concentration
increases with residence time, the chemical control is more important; on the other hand,
if the residence time does not change, diffusion control is more important (Kent and
Wagner, 1984). Both these distinct processes were exhibited in all the results. Region I is
defined as the region on the right of the maximum value and Region II as that on the left.
In Region I, the amount of nitrogen needed to achieve smoke point increased with
decreasing fuel mass flow rate. As the fuel mass flow rate was decreased, the fuel jet
velocity and consequently the air entrainment into the flame also decreased, the latter at a
higher rate than the former. Thus, in order to meet the smoke point condition,
(completely suppress smoke liberation) more nitrogen was needed to intensify the flame
turbulence and air-fuel mixing rate. Hence, it can be concluded that this region was fluid-
dynamics-controlled or it may be described as a momentum-dominated region. In Region
I1, the amount of nitrogen supplied decreased with a decrease in fuel mass flow rate. In
the study by Glassman and Yaccarino (1980), nitrogen was added to the fuel to alter the
flame temperature. They found that increasing nitrogen mass flow rate could reduce
flame temperature. The lower the flame temperature, the lower was the flame tendency to
smoke. This was because the fuel pyrolysis process was dependent strongly upon the
flame temperature; the lower the temperature, the lower the rate of pyrolysis reactions.
Hence, Region II was a chemical reaction dominated region. The temperature data of the

smoke point study can be found in Kusadome (1999).
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2.3 Soot Formation Process

The smoke emission from a diffusion flame depends on the soot formation and its
burnout process. The soot formation process has been studied over the years. Due to the
complexity of the process, it is still a subject of research. The process depends on the
temperature distribution, residence time, species concentration, and soot particle
trajectories (Kent and Wagner, 1984). The soot formation process in a diffusion flame
can be characterized by four steps. They are the formation of soot precursor species,
particle inception, surface growth and particle agglomeration, and particle oxidation.
(Turns, 1996)

During the fuel pyrolisis process, various types of small molecular weight
hydrocarbons are formed, particularly acetylene (C;H;). These small hydrocarbon
molecules react with each other and form unsaturated (radicalic) hydrocarbons. When
this hydrocarbon, which is known as the precursor, contains a sufficiently large number
of carbon atoms, it undergoes cyclization to form an aromatic ring. (Glassman, 1988) The
aromatic ring structure grows by the addition of an alkyl group, especially, acetylene.
This aromatic ring is commonly known as polycyclic aromatic hydrocarbon (PAH).
These PAH are normally the size of 0.5 nm (Bockhorn, 1994) or carry the weight of 500-
1000 amu (atomic mass unit) (Richter and Howard 2000).

Ultimately the PAH attains a sufficient size to form nuclei (2000 to 10000 amu)
or with an effective diameter of 1.5 nm (Richter and Howard 2000). This condensed
phase carbon particle contains a high quantity of hydrogen atoms. Then, at high
temperature, the particles dehydrogenate. At the same time, it also goes through a

coagulation process by absorbing gaseous hydrocarbon species both physically and



chemically. Then, the particles become carbonaceous soot structure by undergoing
chemical reformation (Glassman, 1988). The soot particles continue to be exposed to the
species from the pyrolizing fuel as they travel through the flame, and undergo surface
growth and agglomeration. Simultaneously, the particles also experience oxidation from
some gaseous product, like OH. In a diffusion flame, most of the oxidation of soot
particle proceeds mainly at the region close to the flame tip. The reason is that soot
particles normally are formed interior to the reaction zone lower in the flame, and follow
the streamlines in the flame which do not cross the reaction zone until the region close to
the flame tip (Turns, 1994) However, the chemistry of the soot formation process is
similar regardless of the initial condition (fuel types, premixed or diffusion) (Palmer and
Cullis, 1965).

In a premixed flame, the precursor formation rate is inversely related to the
temperature. The precursor formation process has to compete with the oxidation
precursor process mainly by the OH radicals. In the premixed flame study by Milliken
(1962), the oxidation rate increases faster than the formation rate of the precursor with
the increase of flame temperature. On the other hand, in a diffusion flame, the oxidation
attack on the precursor is very small. The higher the temperature the greater is the
pyrolysis rate and the precursor formation rate, and this leads to a higher rate of incipient
soot formation rate. The radical diffusion process is also important in a diffusion flame,
especially the H radical which can accelerate the pyrolysis reaction in a fuel rich region
(Glassman, 1988).

In a buoyancy-controlled flame, the residence time of an element is in square root

relation with the flame height or volumetric flow rate (Roper, 1977). As a result, the
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increase of the volumetric flow rate increases the time for the pyrolysis process and this
causes the increase of the flame-sooting tendency. On the other hand, for a momentum-
controlled laminar flame, the flame height is directly proportional to the volumetric flow
rate or the velocity of the jet. Hence, the sooting tendency for a momentum-controlled
flame would be unchanged with the increase of the volumetric flow rate (Glassman
1988).

Generally, soot formation in a diffusion flame happens in the temperature range
of 1300 K <T< 1600 K (Smyth et. al, 1985; Turns, 1996). For all different type of fuels,
the initial detection of the soot particle takes place at the centerline of the flame when the
flame temperature reaches 1350 £35 K (Glassman, 1988). On the other hand, soot seizes
to oxide at temperatures below 1300 (Kent and Wagner, 1984). Besides the temperature
factor, the soot formation and oxidation are also determined by the local effective C/O
ratio, the local hydrocarbon concentrations, and the residence time of the particle both in
the soot forming region and oxidation region (Wagner, 1978).

Although the sooting characteristics of a diffusion flame are dominated by the
chemistry of the fuel pyrolysis and fuel structure, the chemistry of soot formation is
independent of the initial condition. This essentially means that the chemistry for soot
formation is the same for all fuel and flame conditions (premixed or not), but the reaction
rate 1s dependent on the fuel type and flame condition. The reason is that the rate of
formation of an initial aromatic ring structure is dependent on the fuel type. Then, the
next step of reaction is the formation of a larger aromatic ring, which leads to soot nuclei.

The concentration of incipient soot formation particles determines the total amount of
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soot formed in the flame. Hence, the rate of formation of the initial ring controls the
overall soot formation rate (Glassman, 1988).

Smyth and Miller (1987) proposed that the fundamental soot precursor formation
process consists of these mechanisms: ions (Kern, et. al 1988), ring growth (Crittenden
and Long 1973), polyacetylene chains (Homann and Wagner, 1967), and neutral radicals
(Benson, 1987) and Glassman (1988) added Diel-Alder reactions. This is a
comprehensive mechanism based upon the dependence of soot precursor growth on
neutral radicals. There are high and low temperature branches in this general mechanism,
so this mechanism can be applied to a wide variety of combustion conditions. In this
mechanism, acetylene (C,H,) and H play an important role through many of the reaction
steps. There are three proposed routes for pyrolysis products to form a benzene molecule.
A benzene molecule eventually looses a hydrogen atom and becomes a phenyl radical
(C6Hs), which is the main element to form a precursor. The first route is the reaction of
acetylene to the n-butadienyl radical (C4Hs) to form benzene. The second route is the
reaction of vinyl radical added to the vinyl acetylene, which reacts with C;Hj to form
benzene. The third route is through species allene and its isomer methyl acetylene, which
by loosing one hydrogen atom reacts with each other to form benzene. There is also
another possible reaction step that contributes to the formation of a phenyl radical, which
is the reaction of vinyl acetylene radical with acetylene to become a linear C¢Hs chain.
This linear C¢Hs eventually forms a ring phenyl radical. The phenyl radical reacts with
acetylene to form phenyl acetylene. In the latter reaction steps, acetylene continues to
contribute to the process until the precursor is formed. The reaction routes are shown in

Figure 2.2. In the McKinnon and Howard (1992) study, both experimental and numerical



investigations show that acetylene contributes most of the mass to a soot system through
both the formation of PAH and also through direct addition to the soot particle. Acetylene
is pyrolysed at a relatively low temperature range, 893-1019 K (Xu and Pacey, 2001).
Hence, the role of acetylene and H in soot formation is very critical. After the precursor is
formed, it travels along the streamline and continue to react with other PAH until it
reaches a sufficient size to become a nucleus (3000 to 1000 atoms). This fundamental
unit of the soot nucleus has a spherical shape with diameter of 10-50nm (Walker et al.,

1966).

2.4 Soot Oxidation Process

Throughout the streamline, the particle continues the agglomeration process both
physically and chemically with other particles or hydrocarbon molecules. The particle
also bonds by shared carbon decomposition to form loose particles of 0.1-1 um size. At
the same time, the particle also undergoes an oxidation process. The participants of
carbon oxidation are O, and the O and OH radicals in the Cavaliere et al. (1994) study.
Beside these species, H,O, CO, and NO, also oxidize and gasify soot, and other than the
radicals O and OH, NO, is the most reactive at low temperature (Stanmore et al., 2001).
OH radical is a very effective carbon oxidant for a wide range of temperatures.
Furthermore, the activation energy with this reagent, which is 11 kJ/mol (Roth et al.
1998), is also very low. However, near the flame axis, the oxidant (O, or OH)
concentration is low and the soot particle has to compete with other hydrocarbons for the
oxidant. At a temperature below 970 K, CO is the primary product from the soot

oxidation. Nevertheless, above 970 K CO starts to be oxidized to CO, and it reaches the



complete conversion at region 1070 K (Marcucilli et al. 1994). Most oxidation of soot
takes place near the flame tip, where the condition is similar to a premixed particle flame
(Roper et. al, 1977). The surface oxidation rate of the soot particle in the presence of O,
is similar to graphite oxidation (Ubhayakar, 1976). The reaction process of O, on the
carbon can be both absorption and desorption (Stanmore et al. 2001). Desorption reaction
1s more common than absorption reaction. The activation energy for desorption for the
step, which releases CO, is 285 kJ/mol and CO, is 335 kJ/mol (Du et al. 1990).
Absorption reaction only occupies <5% of the surface sites (De Soete, 1988). Every O,
absorption step is accompanied by the release of a molecule CO or CO,, through the
reaction -C+0, — -C(O) +CO, CO,. Many turbulent diffusion flame studies (Magnussen,
1975; Dazell et al., 1970) have found that the soot mass concentration increases along the
flame axis, and decreases rapidly by oxidation at a height of 80 to 100 burner diameters
from the burner. The soot concentration field in the turbulent flame is basically mixing-

controlled (Becker, 1977).
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2.5 Soot Formation Investigation

Research on the soot formation process is important because it provides the
knowledge of how to control or limit the soot production. The complex nature of soot
formation, which depends on the combustion process has made the characterization of a
single parameter that defines the amount soot formed per unit mass of fuel impossible.

There is a similar finding between the smoke point research done by Goh et al.
(1999) and the soot formation research done by Axelbaum and Law (1990) and
Axelbaum et al. (1988). These groups studied the temperature and the dilution effects in
co-flow and counter-flow environments respectively. Their studies identified the relative
importance of fuel concentration dilution and flame temperature reduction on soot
formation when inert gases were added to fuel. They found that temperature effects
dominated the soot formation rate when large amounts of inert gases were added into the
diffusion flame. At some other .conditions, when moderate amounts of inert gases were
added into the flame, the temperature reduction was small, but the fuel dilution effect on
the soot production was significant. This agrees with Goh’s (1999) findings and
speculations in the chemically dominated region where the proportion of inert addition
was considerably large and in the momentum dominated region where the dilution
addition was considerably small. There are two explanations for these phenomena. First,
the addition of inert gas may reduce the flame temperature, especially in the near burner
region. The reduction of flame temperature will lower the reaction rate (especially fuel
pyrolysis) until the reaction ceases, which may result in flame blow-off. The second

explanation is that the dilution of inert gas may reduce the possibility for the fuel



molecules to react with oxidation agents until there is an insufficient reaction rate to
produce a flame, thus the flame would destabilize.

Axelbaum and Law (1990) have provided a preliminary insight into the soot
formation rate of laminar diffusion and counter-flow flames, but presently, there is no
published research related to soot formation rate in complex turbulent diffusion flames,
particularly a turbulent diffusion flame in cross-flow (TDFCF). Furthermore, the need for
verification of the arguments that the author has on the two regions (Region I and Region
II) also motivates a further investigation of soot growth rate in cross-flow flames. Hence,
the objective of this research is to investigate the soot growth rate in TDFCF, and explore
the possibility of developing an empirical relation of soot growth rate with some related
parameters, like momentum flux ratio and fuel and diluent mass flow rate. The reason for
focusing the study on soot surface growth rate is that soot surface growth, rather than
nucleation has been found to dominate soot mass yield (Harris and Weiner, 1984;
Megaridis and Dobbins, 1989; Sunderland and Faeth, 1996; Sunderland et al., 1995).
Hence, by knowing the surface area of the soot at each location, a model of soot growth
rate may be formulated from experimental results. In fact, in many theoretical models
that characterize soot growth, the soot surface area growth is an essential parameter. So,
soot mass addition rate will depend upon the total surface growth rate in addition to the

number of potential reactive sites (Howard, 1990).

2.6 Soot primary size measurement

Sunderland et al. (1995) demonstrated in their experiments with laminar jet

diffusion flames, that soot nucleation ceased roughly at an equivalence ratio less than 1.7.
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Since a large part of the flame has an equivalence ratio of less than 1.7 (Turns, 1996),
soot nucleation dominates only for a small part of the flame. This fact also applies to
turbulent diffusion flames because turbulent fuel-air mixing is higher than laminar
mixing, leading to an equivalence ratio less than 1.7 in turbulent flames. Therefore, the
behavior of soot surface growth rate is important for the study of smoke characteristics in

a turbulent diffusion flame.

2.7 Purpose of LIF measurement

In fuel-rich hydrocarbon flames at 1700 to 1800 K, the soot particles are oxidized
by OH radicals rather than by the larger concentration of CO; or H,O (Millikan, 1962).
This phenomenon has also been observed experimentally by Fenimore and Jones (1967).
Hence, monitoring the concentration of OH radicals in a diffusion flame is one of the
keys to understanding the soot oxidation process. On the other hand, OH is also a good
indicator for the fuel-lean side of the reaction zone in diffusion flames. In many PLIF
studies, OH florescence appeared as a thin strip, because OH occurs along the
stoichiometric region between the fuel and the oxidizer flows. The OH, O, and soot
concentration can provide valuable information of the influence of the momentum and
chemical effect on the soot oxidation process.

Acetylene is considered to be a major soot growth species (Harris et al., 1986)
Acetylene is pyrolysed at a relatively low temperature range, 893-1019 K. Most of the
acetylene is in the fuel pyrolysis region and the residence time for the pyrolysis is around
23-451 ms (Xu and Pacey, 2001). Hence, in order to understand the formation rate and

the destruction rate, the measurement should be done relatively close to the burner



region. In the molecular zone, acetylene can react with some radicals to form PAH or it
can react with PAH to form a heavier PAH (Glassman, 1988; Prefferle et al., 1994).
Hence, monitoring the acetylene concentration can provide crucial information about the
soot formation rate.

As discussed the in the previous paragraph, PAH molecules can coagulate and
become nuclei for soot particles. PAH is also considered as an important group of species
that contributes to increase of soot mass beside acetylene. PAH consists of hydrocarbon
in many different type of molecular structure. Normally PAH size is in the range of 250
amu (light PAH) to three rings size or larger (heavy PAH) (McKinnon and Howard,
1992). For instance, some of the commonly known light PAH are naphthalene,

acenaphthalene, and cyclphenta[cd]pyrene (Macadam et. al, 1996).
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Chapter 111

Flame Structure of Diffusion Flames at Smoke Point in Quiescent and

Cross-Flow Environments

Nomenclature

Af frontal Frontal area of the visible flame volume exposed to cross-flow
D;orD Jet diameter

Fry Froude number for cross-flow
Fry Froude number for flame

g Gravitational acceleration

Vi Visible flame volume

vj Jet velocity

V., Cross-flow velocity

p.. Ambient density

oy Flame density

P Jet gas density
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3.1. Introduction and Overview

Although Goh (1999) had performed the smoke point experiments with a burner
with the same dimension (3.2 mm ID), the study to determine the smoke point had to be
repeated for this project. The reason was the difference in the way hydrogen gas was
introduced to attach the flame to the burner rim in the two studies. In the present study,
hydrogen gas was mixed with the fuel gas. On the other hand, in Goh’s earlier
experiments, hydrogen gas was not mixed with fuel. Instead, in that study, a co-annular
burner was used, where hydrogen flame supplied from the outer burner acted as a pilot
flame to stabilize the hydrocarbon fuel flame. Hence, in the current study, the addition of
hydrogen into the fuel increased the total jet momentum.

In this study, the effect of both the quiescent environment and the cross-flow at
the smoke point condition were studied. For the establishment of baseline conditions, a
study in quiescent conditions was conducted. In the quiescent condition, the smoke point
for pure fuel and fuel with nitrogen dilution was studied. Besides nitrogen gas, other inert
gases were also studied to compare the effects of the different types of inert gases at the
smoke point. These gases were argon, carbon dioxide and helium.

In this study, the flame in a cross-flow was the main focus. In the cross-flow
experiment, the smoke point for five different cross-flow conditions was studied. The
cross-flow speeds ranged from 2 m/s to 4 m/s with an increment of 0.5 m/s.

In most conditions, the flame radiation and global pollutant emissions were
measured. For a few selected conditions, the temperature, the species concentration, and

the velocity profiles were also measured.
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3.2 Experimental Facilities, Instrumentation and Procedures

3.2.1 Smoke Point Determination

The method of determining the smoke point was the same as employed by Goh
(1999) for both the quiescent and the cross-flow conditions. At the quiescent condition, a
laser beam was used as a means to determine the smoke point. A 5 mW He-Ne laser was
used to generate a beam of 3 mm diameter and wavelength of 633 nm about 5 cm above
the flame. The method of determining the smoke point involved observing the visibility
of the attenuated laser beam just above the flame. When a flame started to smoke, the
laser beam became visible due to the scattered radiation, and the intensity of the
illumination of the laser beam was a function of the concentration of smoke. A viewing
angle of about 15 degrees from the laser beam in the forward scatter mode was found to
yield repeatable and sensitive results. The smoke point of the flame was determined when
the laser beam just became visible as a continuous beam. The schematic of the
experimental setup is shown in Figure 3.1.

The method of smoke point determination in cross-flow was also similar to the
method used in the quiescent experiments as described above. Instead of just one laser
beam line, a laser sheet was used. The laser sheet was more appropriate for two main
reasons. First, the flame was highly turbulent, so the fluctuation of the flame covered a
wide area; as a result, a point detection was not possible. Second, the exhaust gases were
well mixed and diluted once they were carried downstream, causing the smoke particles
to spread over a wide area. The same He-Ne laser was used in this cross-flow study. The
laser beam passed through a cylindrical lens, so that the line beam could be spread into a

laser sheet. The laser was mounted on a tripod, which could be moved vertically and
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horizontally for the laser sheet to be located at a suitable location for smoke point
detection. Similar to the laser beam method for the quiescent condition, the smoke point
of the flame in cross-flow was determined when the laser sheet just became visible as a
continuous sheet from its forward scattering. The schematic diagram of the setup is
shown in Figure 3.4. The measured repeatability of this method is given in Table 3.3.

For both the quiescent and the cross-flow conditions, the CFMFR was first
determined. With only the fuel (without the inert gas dilution) and a sufficient amount of
hydrogen to attach the flame, the CFMFR was determined with the method mentioned
above. Then, the fuel flow rate was set at ten different values. They were 90%, 80%,
70%, 60%, 50%, 40%, 30%, 20%, 10% and 5% of the CFMFR. At each of these
fractions, an amount of inert gas was added to achieve the smoke point condition. In the
quiescent condition, the comparisons of the amount of addition of different inert gases
needed to suppress smoke for each fraction of CFMFR were performed. In the cross-flow
condition, the CFMFR at each of the five cross-flow conditions was determined. Then,
similar to the quiescent condition study, the ten settings of fuel flow rate were used for
the dilution study. Only the nitrogen gas was used as the diluent in the cross-flow

experiments.

Different Inert Gases Dilution Studies

The comparison study for the different inert gases at the smoke point condition
was done after the CFMFR was determined. Nitrogen, argon, carbon dioxide and helium
inert gases were used to compare their mass percentage in fuel diluent mixture needed to

suppress smoke. For all the flames with the different inert gas dilution, the global flame
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radiation and the flame height were measured. Only in the nitrogen gas diluted flames,
the temperature and the in-flame species concentration profiles and the global emission
characteristics were measured at the CFMFR and the three different fractions of CFMFR
(60%, 30% and 10%). The reason for the selection of these three fractions will be

explained in the following section.

Cross-Flow Studies

At each of the five cross-flow conditions, the CFMFR and the percentage of
nitrogen dilution of the ten CFMFR fractions were determined. For all the cross-flow
conditions and the CFMFR fractions, the global emissions of some pollutants were
measured. At the cross-flow condition of 2 m/s, 3 m/s and 4 m/s, and the four selected
CFMEFR fractions, the temperature, the emission, and the velocity profiles were
measured. The test matrix for both the quiescent and the cross-flow conditions is shown
in Table 3.1. The reason that some fractions were chosen to do the profiles measurement

is explained in this chapter in Section 3.3, the result section.
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Table 3.1a Test Matrix for Quiescent Condition
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Table 3.1b Test Matrix for Cross-Flow Condition
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3.2.2 Experimental Facilities

Combustion Chamber

For this study, a test combustion chamber available in the Combustion and Flame
Dynamics Laboratory was used. The combustion chamber is shown in Figures 3.1 to 3.3.
The vertical steel combustion chamber of 76 cm X 76 cm cross-section and 143 cm height
housed the burner at the center floor of the chamber. At the bottom of the chamber, a 16
cm diameter opening provided airflow into the chamber. A 36 cm diameter flow diverter
plate was installed between the nozzle burner outlet and the base plate opening at a height
of 10 cm to diffuse the incoming air flow in order to create almost quiescent air
conditions within the chamber. Three of the walls were each fitted with a tempered plate
glass window (20 x 145 cm) for optical access (laser and photography). The fourth wall
was fitted with a slotted metal sheet for instrument access (quartz probe and
thermocouple). The top section of the combustion chamber was opened to the
atmospheric pressure through an exhaust duct. The ambient pressure in the laboratory
was maintained slightly above the atmospheric pressure. Hence, the positive draft inside
the chamber ensured that the combustion products were vented through the exhaust duct.
Figure 3.1 also shows the setup for smoke point detection and the soot volume fraction
measurement using the extinction/scattering method (Yagi and Iino, 1960). A He-Ne
laser was used to determine the smoke point (Goh, 1999) and it was also used for the soot

volume fraction measurement.
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Wind Tunnel

A schematic of the vertical combustion wind tunnel is shown in Figure 3.4. The
test section length was 76 c¢cm and the cross-section was 35.6 cm X 35.6 cm. The
coordinate system of the wind tunnel test section is indicated in Figure 3.5. Three side
walls were fitted with the tempered glass for optical access, and the fourth was fitted with
a slotted metal plate for introducing the probes and the burner. The slotted metal wall was
also provided with access for adjusting the equipment or cleaning the windows. The slot
was sealed during the experiment. All the three glass windows were cooled using a
cooling fan on each side. The coordinate system is defined in Figure 3.5.

Two blowers and a suction fan were used to provide the airflow. The maximum
flow in the test section was 4.3 m/s. The flow in the test section was relatively uniform.
The velocity profiles at 3.4 m/s in X and Y direction in the cross section at the middle of
the test section are shown in Figures 3.6a and 3.6b. There was less than 5 % variation
(maximum or minimum to average velocity) at 3.4 m/s flow condition. The variation of
the velocity in Z direction was also minor. The variation was approximately 7%
(maximum or minimum to average velocity) and is shown in Figure 3.6¢ at a cross-flow
of 3.5 m/s. At the lower velocity condition, the variation was smaller. Two screens were
installed at the end of the flow settling section to provide a uniform flow before the air
stream entered the turning duct section. This section consists of twenty 7.6 cm round
diameter ducts. The turning ducts were used because they were proven to be more
effective than the turning vanes. The opening areas of the ducts were adjusted to ensure

that the flow at the exit of the ducts was relatively uniform. After the air exited from the
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ducts, the flow passed through the another filter. This filter further reduced the flow
fluctuation and provided a more uniform flow before the flow entered the contraction.
Fuel Supply Train

A burner diameter of 3.2 mm was used throughout the study. The fuel gas supply
train consists of commercial grade propylene, nitrogen, and hydrogen cylinders, the
pressure regulators, and a set of calibrated rotameters. Each cylinder was mounted with a
multi-stage pressure regulator. Table 3.2 shows the gas composition. A set of two of
ball-rotameters was used to measure the fuel and the nitrogen flow rates. These flow
meters were calibrated with a wet test meter for each different gas. Before entering the

burner, the fuel, the hydrogen and the nitrogen were mixed in a mixing chamber.

3.2.3 Experimental Instrumentation

Conventional Measurements of Pollutant Emission

Figure 3.2 shows the experimental setup for the flame pollutant emission
measurements in quiescent conditions. Conventional analytical instrument and
measurement methods were used to measure the emissions of NO, NO,, CO and CO,,
and O,. The gas sample from the flame products was collected and analyzed with four
different analyzers. Two Rosemount Analytical (Model 880A NDIR), nondispersive
infrared analyzers were used for the CO and CO, emission measurements. Oxygen
concentration was measured using a MSA Catalyst Research MiniOX 1 polarographic
sensor. The NO and NOy concentrations were measured using a Thermo Environmental
Instruments Model 42H chemiluminescent analyzer. For the global emission

measurement, combustion products were collected through a cone. The gas sample was
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collected at the end of the cone using a quartz probe that was connected to the
measurement setup. For in-flame species concentration profile measurements, the quartz
probe was inserted into the flame. The sampling of gas flow rate was regulated by a
rotameter and was sent into the analyzers by an electrical pump. The sample gas was first
chilled to remove the moisture and filtered to remove the particulate matter before it was

pumped into the analyzers.

Flame Temperature Measurement

A type R (platinum/13% rhodium platinum) in-house-made thermocouple with
wire diameter of 0.2 mm and bead diameter of 0.25 mm was used to obtain temperature
measurements in the flame. The thermocouple was mounted on a linear traversing
mechanism that was driven by a computer-controlled stepper motor. The collection of
temperature data and the motion of the stepper motor were controlled by a data
acquisition computer using a Strawberry Tree data sampling and QuickLog data
acquisition and processing software. Temperature profiles were taken radially at three
axial locations, 25%, 50% and 75% of the flame height. The collected thermocouple
temperature data were corrected for radiative, convective, and conductive losses. The

setup is shown in Figure 3.3.

Flame and Flow Velocity Measurement

The dynamic pressure of the flame and the flow in Z direction were measured
using a pitot static tube and a barocel. The barocel reading output was connected to a

DAQ system which was connected to a computer. The stepper motor, which drove a
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traverse mechanism in X direction, was also connected to the DAQ and the computer. A
Strawberry Tree software controlled the stepper motor movement and also collected the
data from the barocel. The temperature results were used to correct the gas density with
the ideal gas assumption at all the locations before the calculations of the velocity from

the dynamic pressure were performed.

Flame Radiation Measurement and Flame Imaging

The flame radiation data were collected using a wide-angle (150 degree viewing
angle) highly sensitive pyrheliometer of absorptivity 0.96. The radiometer was mounted
on a tripod at approximately the mid-height of the flame and far enough from it to satisfy
the inverse-square law. The radiometer output readings were collected using the data
acquisition system described above. The setup is shown in Figure 3.2.

The flame image was captured using a CCD camera with a shutter speed of
1710000 s. The flame images were grabbed using a Matrox picture grabbing software.
Then the flame height measurements were done offline, using Adobe Photoshop software
on the captured flame images. The determined flame height for the quiescent condition
was the length from the burner tip to the location where the flame appeared in contiguous
white color (corresponding to CCD saturation). The cross-flow flame length
measurement was similar to the quiescent method. The definition of the flame dimension
for the quiescent and the cross-flow flame is shown in Figure 3.55. The flame length for
cross-flow flame was measured vertically in Z direction from the tip of the flame where
images showed contiguous white to the Z location where the burner was located, which is

Lg, in Figure 3.55. Both sides of the flame images from X and Y direction were taken.
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All the dimensions illustrated on Figure 3.55 were critical for the calculation of the

Froude number. The calculation of the Froude number will be discussed in Section 3.3.1.

Three images were collected on each flame and five images were collected on one of the

flames for uncertainty analysis. The uncertainty of the flame length and the flame height

were shown in Table 3.3. Table 3.4 show the nominal testing condition and the range of

the experimental parameters.

Table 3.2 Gas Compositions

Gas composition of vol. %
Propylene | Hydrogen | Nitrogen
Propylene{ 75.958
Propane | 20.518
Methane 1.672
Ethane 1.625
Butane 0.226
Hydrogen 99
Nitrogen 09

Table 3.3 Experimental Uncertainties*

Table 3.4 Nominal Condition and
Experimental Parameters

Nominal Condition

Ambient Air
Humidity 50%
Temperature 292K
Pressure 100.6kPa
Jet Diameter 3.2mm ID
Quiescent

CFMFR 0.06 pg/min
N2 Flow rate 0.02 ug/min
Global Emission
CO, 0.06 %
0, 0.06 %
Emission Index
NO 0.057
NOx 0.054
CO 0.000
Emission Profile
NO 0.545 PPM
CcO 0.080 PPM
CO, 0.08 %
0O, 0.06 %
Temperature 24K
Soot Concentration 4.09E-07 g/ml
Radiation 0.28 kW
Radiant Fraction 0.04
Flame Height 0.57 cm

Fuel Mass Flow Rate
Nitrogen Mass Flow Rate

0.62 - 17.32 g/min
1.32 - 4.11 g/min

Hydrogen Mass Flow Rate 0.08 - 67 g/min
Jet Velocity 6.92 - 38.15 m/s
Jet Reynolds Number 1265 - 12589
Cross-Flow
Cross-Flow Velocity 2-4mfs
Fuel Mass Flow Rate 0.93 - 8.63g/min
Nitrogen Mass Flow Rate 0.60 - 2.2g/min

Hydrogen Mass Flow Rate
Jet Velocity
Jet Reynolds Number
Jet Froude Number
Momentum Flux Ratio

0.042 - 0.939g/min
3.68 - 33.98m/s
383 - 6357
430.42 - 36785.99
0.35 - 136.66

*at 95% Confidence
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3.3 Experimental Results and Discussion

3.3.1 Critical Fuel Mass Flow Rate and Inert Gas Mass Flow Rate at Smoke Point

3.3.1a Quiescent Condition

Figure 3.7a shows the relation of the critical fuel mass flow rate and different
inert gas flow rates to attain the smoke point for a quiescent condition. All curves show a
skewed bell shape profile. All the inert-gas diluted flames had their transition point (from
chemically to momentum domination) at around 40% CFMFR, except Ar, which had its
transition point (from momentum dominated region to chemically dominated region) at
50% CEMEFR. Overall, the comparison shows that the Ar gas had the highest flow rate,
followed by CO,, N, and He. This result agrees with the Schug et al. (1980) result. The
laminar flame smoke point experiment in their study showed the order as CO;, N,, Ar
and He in volumetric flow rate, which is in the same order as current study if the results
is presented in a volumetric flow rate form (Figure 3.7b). The reason that they gave was
that the additive gas participates in the heat transport process, which was a diffusion
process with thermal diffusivity and thermal conductivity as the important properties. The
additive gas also acted as a heat sink, so the specific heat, C, of the heat capacity was an
important parameter. The exaggerate trends of He may be caused by the high diffusivity
(which is about three times higher than other gases, Table 3.5). The high thermal
diffusivity caused faster heat transfer from the reaction front into the outside airflow. In
Table 3.5, the specific heat of each inert gas is shown. The order of the specific heat of
each gas correlates well with the inverse order of the amount of inert gas addition at the

smoke point.

32



In a laminar dilution flame study, Santoro and Richardson (1994) found
interdiffusional effects between the inert gas and the fuel. They found that in a N, or an
Ar diluted diffusion flame, N, from the air tends to diffuse into the core of the flame
while the fuel tends to diffuse toward the flame front. The dilution affected the
concentration of fuel in the flame only in a region very near the burner. At a short height
from the burner, the concentration of fuel for the diluted and the undiluted flames were
the same. Hence, at the region very near to the burner, where the soot started to form, the
reduction of temperature was very critical. In their flame temperature measurement, they
found that the diluted flame had a lower temperature than the undiluted flame in the
region close to the burner. Schug et al. (1980) laminar diffusion flame study found that
the addition of additive Ar, N,, and CO, (depending of the amount) was able to decrease
the gas temperature at jet port from about 600°C (pure fuel) to about 200°C. Further away
from the burner, the undiluted flame had a lower temperature for Santoro and Richardson
(1994) study. The lower temperature of the undiluted flame in the far burner region was
due to the higher radiative heat loss caused by the higher in-flame soot concentration.
However, the Schug et al. (1980) smoke point study found that the overall diluted flame
had slightly lower temperature than the undiluted. The difference between these two
studies is that Schug et al. study maintained the smoke point condition, where fuel flow
rate was different for diluted and undiluted flame. Whereas, Santoro and Richardson
(1994) study used the same fuel flow rate for both conditions.

The temperature effect explanation alone may be sufficient for laminar flame, but
it is more complicate for a turbulent flame. Most of the time the smoke point is due to the

combination of many different factors in a turbulent flame. Some factors other than the
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temperature that influence the soot production are the concentration (fuel, oxidizer and
product gases), the residence time (Santoro and Richardson, 1994) and the turbulence
intensity (Goh, 1999).

Table 3.5 Specific Heat for Tested Inert Gases (Wylen, et. al, 1994)

Gas Specific Heat Diffusivity
Cp (ki/kgK) cm?/s
Argon 0.523 0.148
co2 0.846 0.14
N2 1.039 0.187
He 5.1926 0.58

Figure 3.8 shows the jet exit Reynolds number at the smoke point for all the flame
conditions. They were not significantly different from 5% to 30% CEFMFR, but above
30% CFMFR, all the results for different inert gases branch out. Above 30% CFMEFR, the
CO,-fuel jet exit Reynolds number was higher than that of the rest of the inert gas-fuel
mixtures. It was followed closely by the jet Reynolds number of nitrogen-fuel gas. The
helium-fuel jet exit Reynolds number was lower than the rest of the inert gases below
50% CEMEFR. However, above 50% CFMEFR, the helium-fuel gas mixture jet Reynolds
number exceeds argon-fuel gas mixture jet Reynolds number. This was because CO,
viscosity was the lowest among the inert gases. Argon mass flow rate was the highest.
However, because of its high kinematic viscosity, argon-fuel Reynolds number was the
lowest in the region higher than 50% CFMFR. Hence, Figure 3.7a and 3.8 show the
importance of the role momentum parameters played in the momentum dominated
region. In the region lower than 30% CEMFR, the momentum parameters did not play as
significant a role as those above 30%. Therefore, this again supports the presence of a

chemical dominated region below 30% CFMFR.
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As mentioned in the earlier section, this study employed the same diameter burner
as Goh (1999). The reason the smoke point experiment was repeated was because the
mechanism of attaching the flame to the burner was different in the present and earlier
experiments. Figure 3.9 shows the comparison of the results of the current study, which
used a single outlet burner, with the results of Goh (1999), who used a co-annular burner.
A higher amount of hydrogen was required in the present experiment to attach the flame
for the single burner experiment as shown in Figure 3.9. The way that the flame attached
was different for both burners. In the co-annular burner, hydrogen delivered from the
outer tube created a piloted flame type attachment. On the other hand, in the single
burner, hydrogen gas had to mix with the fuel to create a fuel mixture that is sufficient to
attach the flame to the burner. Hence, a higher amount of hydrogen was needed in a
single burner to attach the flame than in a co-annular burner. As a result, the total jet
Reynolds number for the single burner study was higher, which is shown in Figure 3.10.
The hydrogen volume and mass flow rates for both burners are shown in Figures 3.11 and
3.12. Both figures show a significant difference in the amount of hydrogen required to
attach the flame. Both figures also show that the higher the fuel flow rate, the larger
amount of hydrogen was required to attach the flame, which was consistent with Bandaru
and Turns (2000) findings. The higher fuel flow rate caused longer lift-off region. Hence,

a higher amount of hydrogen was required to reattach the longer lift-off length flame.

3.3.1b Cross-Flow Condition

Figure 3.13 shows the CFMFR and the nitrogen mass flow rate for all tested

cross-flow speeds. The relation of the cross-flow speed to the CFMFR is shown in Figure
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3.15, which was relatively linear. On the other hand, Goh et al. (2001) showed that the
relation of CFMFR with the cross-flow velocity was non-monotonic. The CFMFR
decreased from 0.0134 kg/min at 2.68m/s to 0.0129 kg/min at 3.58 m/s and then
increased to 0.0156 kg/min at 4.02 m/s (Goh et al. 2001). Although both studies were
done with the same diameter burner and with the similar cross-flow conditions, the setup
and the burner configuration were different. Goh et al. (2001) study was done in a
horizontal wind tunnel, but for this study, the wind tunnel was upright. The burner that
Goh et al. (2001) used was a co-annular burner, but for this study a single straight tube
burner was used. Due to the limitation of this current wind tunnel (max speed 4.3 m/s),
the non-monotonic relation could not be studied at higher cross-flow conditions if it
existed. The non-monotonic relation, however, started earlier in the horizontal wind
tunnel than in the vertical wind tunnel. Figure 3.17 shows the comparison of both
conditions for Goh et al. (2001a) results and the current results for various percentages of
CEMEFR versus the nitrogen mass flow rate at smoke point. It is to be noted that the Goh
et al. (2001) results were not complete; they ranged only from 100% CFMEFR to 50%
CFMEFR. This was because a stable lower CFMFR flame could not be attained with the
pilot flame technique (co-annular burner). In the current study, nitrogen mass flow rates
are significantly lower than Goh et al. (2001) results. As mentioned previously, in the
current study, the hydrogen gas was mixed with the fuel gas. Hence, the amount of
nitrogen gas needed was lower than in the experiment of Goh et al. (2001), because the
addition of hydrogen gas to the fuel stream provided the extra momentum needed to
suppress the smoke. On the other hand, from the comparison of the total jet Reynolds

number (Figure 3.18), both results were very close; the similarity was also shown in the
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comparison of momentum flux ratio in Figure 3.19. The difference of the wind tunnel
setup also contributed to the variation. The buoyancy effect in a horizontal wind tunnel
was perpendicular to the cross-flow momentum. The buoyancy effect became significant
at far downstream parts of the flame (Brzustowski 1976). In fact, the buoyancy effects in
a horizontal cross-flow flame shortened the flame due to the increase of air entrainment.

On the other hand, in the current study, the cross-flow and the buoyancy effects were in

the same direction. The Froude number of the flame with a constant density, p, defined

by Brzustowski (1976) was

Fr, = v? i
ng P =Py

vj is the jet velocity, g is the gravitational acceleration, D is the jet diameter and p,_, is the
ambient density.
The Froude number for flame, Fr;, and cross-flow, Fr,; defined by Bandaru and

Turns (2000) for their vertical cross-flow study was
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The flame dimensions that Bandaru and Turns (2000) defined for their Froude numbers

are shown in Figure 3.55; here, V; is the visible flame volume, A¢fon is the frontal area

of the visible flame volume exposed to cross-flow, p;is the jet gas density, and v,, is the

cross-flow velocity.

Figure 3.20a to ¢ shows the calculated Froude number values for both flame and
the cross-flow at 2, 3 and 4 m/s. At 2 m/s cross flow condition, the flame Froude number
was higher than unity. On the other hand, the cross-flow Froude numbers for 90% and
80% CEFMFR were lower than unity; they were 0.956 and 0.934. This, in fact, showed
that the buoyancy effects were significant for the flame at low cross-flow conditions with
a large flame. At 50% and 60% CFMFR, the Froude number was almost unity (1.08 and
1.06), which meant that both the momentum and the buoyancy were almost equally
important. Since the buoyancy effect started at a lower cross-flow velocity in the vertical
wind tunnel than in the horizontal wind tunnel, we can conclude that the vertical wind
tunnel flame entrains more air into the flame than the latter. Another evidence of this
phenomenon can be observed from Figure 3.19, the comparison of momentum flux ratio
in a similar experiment but in a different wind tunnel. In this figure, the momentum flux
ratio in the wind tunnel was higher than in the vertical wind tunnel. Furthermore the
CFMFR of the horizontal wind tunnel studies was twice that in the vertical wind tunnel,
but was not in itself a complete proof, because both the burners and the hydrogen
supplement method were different in the two studies. However, the significant difference
of CFMFR is noteworthy.

In the cold jet studies where an orifice was used instead of a tube, four known

vortical structures have been documented. They were the horseshoe vortices, the jet shear
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layer, the wake structure and the counter rotating vortex pair (CVP) (Fric and Roshko,
1994; Smith and Mungal, 1998). However, in the tube studies, the wall effect vortices,
which are the horseshoe vortices and some wake structures caused by the flow and the
wall are not significant. The jet shear layer and the CVP are dominant in the tube studies.
Broadwell and Breidenthal (1984) showed that the CVP occurred from the jet momentum
normal to the cross-flow. The CVP was initiated very near to the pipe exit by the shear
layer. The shear layer was folding and rolling up the jet in the study of Kelso et al.
(1996). The CVP expanded and dominated the downstream flow. In horizontal wind
tunnel flame experiments, many had observed that the buoyancy effect amplified the
CVP in the downstream region of the flame. However, the buoyancy effects in the
vertical cross-flow flames were different from those in the horizontal cross-flow flames.
The flame image at CFMFR at 4.02 m/s cross-flow showed an increase in width from the
burner location to a certain maximum value and then decreased slowly until the end of
the visible flame (Goh, 1999). On the other hand, the flame in the current study at
CFMFR at 4 m/s showed the increase of width from the burner location and reached a
maximum width at the end of the visible flame. Figure 3.58 shows the comparison of
both flame images. From the images, the horizontal flame tilted upward due to the
buoyancy effect. On the other hand, in the vertical cross-flow flame, the flame did not tilt
as much as in the horizontal cross-flow. The flame cross-sectional images in the study of
Gollahalli et al. (1975) and Brzustowski et al. (1975) showed that the flame width viewed
from the top (-X direction) expanded . Those images also showed that the CVP spread
open as it traveled downstream of the flame. From these phenomena, it can be concluded

that in the horizontal cross-flow buoyancy force pushes the flame upward and decreases
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the flame width (viewing from Y direction) and spreads the flame sideway (viewing from
—X direction). However, in the vertical cross-flow, buoyancy force was in the same
direction as the cross-flow. The buoyancy force may reinforce the cross-flow in
expanding the CVP.

Table 3.6 summarizes the different regions in Figure 3.13 for all the cross-flow
conditions. The increase of cross-flow beyond 3 m/s showed a shift of the transition point
from 20% CFMFR to 30% CFMFR. This shifting phenomenon has also been observed in
Goh’s (1999) studies. The increase of cross-flow speed increased the quenching effect on
the flame. Hence, a higher fuel flow rate (or more heating energy) was needed to
maintain the soot production rate (fuel pyrolysis rate) at the smoke point. Furthermore,
higher cross-flow speeds may cause quick dilution of fuel jet mixing, and a higher
amount of fuel could escape unburned (Goh et al., 2002). The transition region changed
at the higher cross-flow rate.

Table 3.6 Ranges of Momentum and Chemical Dominated Regions and Transition

Regions for All the Cross-Flow Conditions

Cross-Flow|Momentum-Dominated| Transition Region | Chemical-Dominated
Speed Region Region
2m/s 100% to 30% 10% to 30% 10% to 5%
2.5m/s 100% to 30% 10% to 30% 10% to 5%
3m/s 100% to 30% 10% to 30% 10% to 5%
3.5m/s 100% to 40% 20% to 40% 20% to 5%
4 m/s 100% 10 40% 20% to 40% 20% to 5%

The increase of cross-flow velocity decreased the total jet exit Reynolds number
to achieve the smoke point as shown in Figure 3.14. The increase of cross-flow speed

increased the overall mixing rate in the flame. Figure 3.16 again shows that the lower the
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cross-flow velocity, the higher was the jet momentum required to attain smoke point.
This figure also shows that in the momentum flux ratio, R, which is defined as

2
_ PV

R
p.v2

at the smoke point decreases as the cross-flow increases. The gradient of the curves also
decreases from a lower cross-flow speed to a higher cross-flow speed.

All profile measurements were done to cover these three regions, the momentum-
dominated regions, the transition region and the chemical-dominated regions. The test

matrix to cover all these regions is shown in Table 3.1.

3.3.2 Temperature profiles

3.3.2a Quiescent Condition

The radial temperature profiles in the flames in quiescent conditions are shown in
Figures 3.24 a to d. The profiles for all the three flame locations (25% of Ly is in the near-
burner region, 50% of Lt is in the mid-flame region and 75% of Ly is in the far-burner
region) reveal a trend expected in diffusion flames. Because of the shearing effects with
the stagnant surrounding air, the fuel jet expands. As a result, the flame radius increased.
This can be observed from the temperature profiles (only fuel and nitrogen-fuel mixed
flames temperature were measured) and the flame image pictures in Figures 3.56a to d
experiment. In these figures, the radial dimension (r) was normalized with the burner
inner diameter, D.

At all four CFMFR values, the temperature profiles had dual peaks in the mid-

flame and the near-burner regions. The location of peak temperatures indicated the region
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of highest flame oxidation rate where the fuel and the air mixture were close to
stoichiometric value. In the far-burner region, all the temperature profiles showed only
one peak. Furthermore, the peak temperature in the far-burner region was lower than in
the other two locations. This was because the near-burner and mid-flame regions had
more gas-phase reactions than the far-burner region. In the far burner region, most of the
reactions relate to the oxidization of soot, which were mostly concentrated at the central
region near the flame axis. Hence, at the far-burner region, the peak temperature occurred
at the center (soot concentration profiles are shown in Figures 3.34a to d for all four
percentages of CFMFR).

In a turbulent flame, the surrounding air continued to mix into the flame as gases
travel upward. So, further away from the burner, a higher amount of air was entrained
into the flame. This phenomenon is evident in Figure 3.33 a to d, where the far-burner
region showed a higher O, concentration than in the mid-flame region. Also, the mid-
flame region showed higher O, concentration than the near-burner region. The higher
amount of air entrainment could promote oxidation reaction, which increased the local
flame temperature. But after a certain point, further introduction of cooler air actually
reduced the flame temperature. Hence, due to a larger amount of cooler air entering the
flame and the consequent reduction of reaction rate as the gases traveled upward, the
overall flame temperature dropped from the mid-flame region to the far-burner region.

The 100% and 60% CFMFR flames had a. lower peak temperature compared with
the 30% and 10% CFMFR flame. The peak temperatures in flames were around 1650 (all
three locations for 60% CFMFR) to 1700 K (all three locations for 100% CFMFR). But

for the 30% and 10% CFMFR flames peak temperatures were around 2300 K, which was
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very close to the adiabatic temperature of propylene. The reason for the higher flame
temperature was because the mole fraction of hydrogen was higher than propylene in the
fuel jet gas mixture. Hydrogen gas has the higher adiabatic flame temperature than
propylene. Figure 3.21 shows the mixture fraction of propylene, hydrogen and nitrogen
mixture. At 40% CFMFR, all the three gases had almost the same mixture fraction
(volume). All the mole-fractions of propylene gas above 40% CFMFR were higher than
the rest of the gases. Below 40% CFMFR, the propylene gas mole fractions were lower
compared to other gases. Secondly, the 10% CFMFR flames appeared laminar and 30%
flame was in transition from turbulent to laminar. Figure 3.56a shows 30% CFMFR
flame was less turbulent than 60% and 100% flames and about half of the flame appeared
relatively smooth.

At 10% CFMFR, the jet exit Reynolds number was 2054 (Figure 3.8), and the
flame appeared to be a laminar flame. The factors that influence the soot formation in a
laminar flame are the species concentration, the temperature and the residence time
(Santoro and Richardson, 1994). In their study, they found that the temperature effect was
the most important parameter in soot formation. The dilution was able to reduce the

residence time for soot growth by increasing the time for soot particle inception.

3.3.2b Cross-Flow Conditions

Figures 3.25 to 3.27 show the flame temperature profiles in the flame at 2, 3 and 4
m/s cross-flow and for the four different percentages of CFMFR and at the three different
flames locations (far-burner, mid-flame and near-burner regions corresponding to 75%,

50% and 25% of flame length, Lg,). The flame temperature profiles at 2 and 3 m/s cross-
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flow were measured from the burner exit location on X-axis. In all the temperature
profiles, O on the X-axis represents the burner exit location. The flame in a cross-flow
velocity of 4 m/s bent more along the cross-flow than the other flames; hence the flame
measurements started at ten burners diameter from the burner exit. The temperature and
the velocity profiles were plotted in this way because from the plots, the location of peaks
and the shapes of the flame can be identified.

Most of the temperatures profiles showed double peaks in the mid-flame and the
near-burner regions. The flame on the left side or the side that was closer to the burner
had a higher flame temperature than the right side. This phenomenon can be explained by
observing the velocity profiles in Figure 3.60 to 3.62. The velocity of the gases on the
side nearer to the burner was higher than in the flame on the other side in the near-burner
and the mid-flame regions. The reasons for the high velocity on the left side are discussed
in Section 3.3.6. The higher Z velocity certainly causes the increase of the shearing effect
between the flame and the cross-flow. Hence, more air is brought into the flame.

The evidence of the higher air entrainment can also be observed from the
concentration profiles in Figures 3.40 to 3.51. Figures 3.43, 3.47 and 3.51 show that the
O, concentration profile on the left side in the near-burner and mid-flame region has a
lower slope compared to that on the right side. This indicates that the O, or the air
penetrated deeper inside the flame on the left side due to the higher mixing. Furthermore,
the CO, (Figure 3.42, 3.46, and 3.50) concentration is also higher on the left side. This
also indicates that the higher mixing contributes to the higher reaction rate in this region,

which leads to the higher flame temperature.
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Besides the enhancement of the air entrainment through the interaction between
flow and the flame, the buoyancy effect also plays a secondary role in enhancing the air
entrainment. The buoyancy effect was important especially in the 2 m/s cross-flow
condition, where the Froude number was small or below unity (Figure 3.20a). The
buoyancy augments the shearing effects between the flame and the cross-flow.

All the flame temperature profiles in the far-burner region of the 20% and 10%
CFMEFR flames in the 2 m/s and 3 m/s cross-flow and the 30% and 10% CFMFR flames
in the 4 m/s (transition region and chemically dominated regions) show a more
conspicuous double peak structure than the other higher CFMFR flames. At a lower
momentum flux ratio (30% CEMEFR or lower), the flame started to behave like a laminar
flame, especially the 10% and 5% CFMFR flames for all cross-flow. From Figure 3.57a
to e, the 10% and 5% CFMFR flames appear smoother than at other higher CFMFR
flame conditions. Hence, a smaller peak on the right side signifies the lower mixing in the
flame at these low percentages CFMFR.

Furthermore, the peak temperatures in the 20% and 10% CFMFR flames in the 2
and 3 m/s cross-flow and in the 30% and 10% CFMFR flames in the 4 m/s cross-flow
were higher than at the higher CFMFR flames. In Figures 3.22a to 3.22e, the ratio of the
mole fraction between the hydrogen and the fuel were approximately constant. Hence, the
explanation that the higher hydrogen concentration in the fuel caused the higher flame
temperature as given in the quiescent condition section may not hold. Although all the
flame temperature measurements were done at the same three flame locations relative to
the flame length (25%, 50% and 75% of L,), the absolute distances from the burner were

different. For the smaller flames, the measurements were done closer to the burner, where
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the influence of the hydrogen flames (with higher temperature) was more significant.
This was because the hydrogen gas diffuses and reacts faster than the propylene gas. As a
result, the smaller flames of 20% and 10% CFMFR in the 2 and 3 m/s cross-flow and
30% and 10% CFMER in the 4 m/s cross-flow had the higher peak temperature.

A more detail discussion on the cross-flow effect will be presented in Chapter
VII. These temperature results will also be applied in the discussion in soot (Chapter IV)
and OH (Chapter V) study. The temperature results will also be used to compare with the

numerical results in Chapter VI.

3.3.3 Global Emission

3.3.3a Quiescent Conditions

Figures 3.28 and 3.29 show the flame global emission indices for NO, NOy, CO,
CO; and O, for all the CFMFR at quiescent conditions. The emission indices of NO and
NOy increased slightly from the 100% to 80% CFMFR flames. The peak of NO and NOy
indices at the 30% CFMFR flame were due to low measured values of CO and CO;
concentration.

The CO emission index at the 30% to 5% CFMER flame show a decreasing trend.
This observable fact is consistent with the Santoro and Richardson (1994) finding for a
laminar flame. Figure 3.21 shows that the mole fraction for N, gas surpassed propylene
gas at 30% and below CFMFR. As explained in section 3.3.1, the inert gas reduces the
soot growth residence time by reducing the flame temperature at a location very near to

the burner. There is a strong correlation between the soot and the CO emission. Koylii
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and Faeth (1991) found that the higher soot emission led to the higher CO emission. In
Figures 3.34c and 3.34d, the overall soot concentration in the 30% CFMFR flames was
higher than the 10% CFMFR flame. From this fact, it is evident that in the 30% and
lower CFMFR flames condition, the chemical reaction effect was more important.

On the other hand, the soot concentration in both 100% and 60% CFMFR flames
(Figures 3.34a and 3.34b) does not show a very significant difference within the
uncertainty limits. However, the CO emission indices show an increasing trend from
100% CFMEFR to 40% CFMFR. The jet Reynolds number results in Figure 3.8 shows the
decreasing trend from 100% to 5% CFMFR. Hence, the increase of CO emission indices
from 100% to 40% CFMFR was caused by the deficiency of CO oxidation due to the
reduction of turbulence mixing. Therefore, from this evidence, 100% to 40% CFMFR
region shows the domination of the momentum effect.

As shown in Figure 3.29, the CO, concentration exhibits an opposite behavior to
the O, concentration. The increase of fuel flow rate increased the production of CO, and
O, consumption in the flame. The figure shows the O, and the CO, concentrations are

linearly proportional to the fuel flow rate.

3.3.2b Cross-Flow Global Emission

Figures 3.35 to 3.39 show the global flame emission for NO, NOy, CO, CO, and
O, for all the cross-flow conditions. The CO, NO and NOy emission profiles are plotted
in log scale. Some of the values are very small due to the heavy dilution by the cross-
flow. Especially in the CO concentration measurement, a slight difference in the

measurement may cause significant difference in the emission index calculation.
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The mole fraction plots for all the cross-flow conditions in Figures 3.22a to 3.22¢
show that in almost all conditions, the hydrogen mole fractions were higher than the rest
of the gases except in a few low CFMFR conditions. Hence, in the cross-flow conditions,
the hydrogen gases played an important role in the emission. A higher amount of
hydrogen gas was needed in the cross-flow condition compared to the quiescent
condition. In fact, from the comparison of the entire hydrogen mole fraction in all the
cross-flow conditions, the overall hydrogen mole fractions increase with the cross-flow.
The higher the cross-flow, the larger amount of hydrogen is needed to attach the flame.
However, the amount of hydrogen by mass added into the flame still a very small amount
compare to the other species. Observe Figure 3.22f to k, the hydrogen mass fraction is
less than 13% of the total mass.

All the cross-flow global emission indices profiles show an increasing trend for
CO as the fuel flow rate decreases. Especially in 30% to 5% CFMFR flames, the
increment rates of CO emission indices were escalated. On the contrary, the trends of the
CO emission indices are different from the quiescent condition in the 30% to 5% CFMFR
flames, where the trend is decreasing. Hence, both the quiescent and the cross-flow at the
30% to 5% CFMFR flames behaved differently. The difference can also be observed in
Figures 3.54a and b. The increase of the flame length from the 30% to 20% CFMFR
flames is substantial (relatively) compared to the flame height increment in quiescent
condition at these CFMFR conditions. The increase of flame length increases the flame
soot formation residence time. Hence, in this region, more soot (relative to the fuel flow

rate) was formed and oxidized, which in effect brought about the higher CO emission.
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Most of the cross-flow emission profiles results show almost the same or slightly
lower in-flame CO concentration in the 20% and 10% CFMFR flames in the 2 and 3 m/s
cross-flow, and the 30% and 10% CFMEFR flames in the 4 m/s compare with 60% and
100% CFMEFR. However, the CO global emission indices in the lower CEFMFR are still
higher than in the higher CFMFR. Consequently, the mixing of the flame with the cross-
flow may be important. At lower momentum fluxes, the flame started or behaved like a
laminar flame (see Figure 3.57), which in effect reduced the flame mixing with cross-
flow. Hence, the lower CO oxidation rate caused higher amount of CO (relative to fuel
flow rate) to escape unoxidized. The CO emission index results in cross-flow is also an
indication of the transition of momentum-dominated region to chemical dominated
region.

The NO and NOy emission indices stay approximate within a small variation
through most of the percentages of CFMFR flames. However, when it comes to a very
small fuel flow rate like 20% to 5% CFMFR, the NO and NO, emission indices escalates.
In the gas mixture mole fractions figures (Figures 3.22a to 3.22¢), the high hydrogen
mole fraction may contribute to this phenomenon. As explained in the flame temperature
profiles section, a hydrogen flame has a higher flame adiabatic temperature than a
propylene flame. Hence, the higher hydrogen gas mole fraction causes the increase of the
overall flame temperature (shown in Figures 3.25 to 3.27). The higher flame temperature
may be the main factor for the higher NO and NO, production, which is according to NO
thermal mechanism. This occurrence also can be observed from the NO concentration
profiles for all cross-flow conditions. The NO concentration in the 20% and 10% CFMFR

flames in the 2 and 3 m/s cross-flow and in the 30% and 10% CFMFR flames in the 4
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m/s show a significantly higher value than in the 60% and 100% CFMFR flames. On the
other hand, the increments maybe mainly be due to the way that the emissions index was
calculated. Part of the denominator of the emission index formula is CO, and CO
concentrations. The CO, and CO concentrations were very small in cross-flow
conditions. In some cases CO, and CO concentrations were almost undetectable due to
strong dilution. Hence, a very small denominator may blow out the emission index
results. This is the reason that the CO emission indices at 4 m/s flames global emission
result are not presented because they are unreasonably high.

Figures 3.35b to 3.39b show the global emission for CO, and O,. The trends for
both species are the same as in the quiescent condition. The CO, concentrations for cross-
flow condition were lower compared with the quiescent condition. The reason is that the
fuel flow rates for the cross-flow were about half of the quiescent fuel flow rate.
Furthermore, the strong dilution on the emission from the cross-flow may reduce the

measured values.

3.3.4 In-Flame Concentration Profiles

All the concentration profiles are plotted with respected to the normalized (with
burner diameter) diameter. Hence, the concentration profile plots for the cross-flow are
not the same as the temperature and the velocity plots. All the concentration profiles are
plotted with zero as the center of the flame. On the other hand, the temperature and the
velocity profiles for the cross-flow are plotted with respect to the distance from the
burner exit location. The reason for they are plotted differently is because the exact shape

of the flame can be more easily understood this way. The temperature figures with the
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exact location rather than the normalized coordinate system enable the understanding of

the shape of the flames at different momentum flux ratio.

3.3.4a Quiescent In-flame Emission Profiles
NO Concentration

The concentration profiles of NO concentration for all the four tested conditions
are shown in Figure 3.30a to 3.30d for 100%, 60%, 30% and 10% CFMFR. Thermal NO
mechanism explains that the NO production depends on the temperature for a wide range
of equivalence ratio. The NO concentration profiles in Figures 3.30 a to d show a
resemblance with temperature profiles in Figure 3.24 a to d with the feature of double
peaks in the near-burner and the mid-flame regions. The NO productions were higher in
the near-burner and the mid-flame regions because of the higher temperature and the
higher availability of radicals in these regions.

Overall, the 30% and 10% CFMFR flames had a lower in-flame NO
concentration. Although the peak temperatures of the 100% and 60% CFMFR flames
were lower than the 30 % and 10% CFMEFR flames, the average flame temperatures of
100% and 60% CFMFR were higher because the flames were wider and with more high
temperature region than the 30% and 10% CFMFR flames. Hence, this explains why the
NO concentration of the 30% and 10% CFMFR flames were lower than the other higher
CFMEFR flames.

CO Concentration
Figures 3.31 a to d show the CO concentration was higher at the near burner

region where the O, concentration was low. The CO molecules further oxidize to CO; as
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they travel along the flame to a region with higher O, concentration. The CO
concentrations for the 30% and 10% CFMEFR flames were lower than the 100% and 60%
CFMFR flames. The reason for this lower CO was discussed in the global emission
section above. This was mainly because to the addition of inert gas reduces the soot
growth residence time, which leads to a low in-flame soot concentration and

subsequently reduces the CO formation.

CO; concentration

Figures 3.32a to 3.32d show the higher CO, concentration in the mid-flame and
the far-burner regions. In these two regions, the oxidation of soot particles was higher
compared to the near-burner region where the soot particle just nucleated. In fact, in
Figures 3.34a to d, the near-burner region has a very low soot particle concentration
compared to the mid-flame and the far-burner regions. The near-burner and the mid-
flame region CO, concentration profiles show a double peak, which is consistent with the
CO; concentration profiles for a diffusion flame. The peaks were where most oxidation
took place, where O, from the air diffused into the flame and oxidized with the soot
particles and other species, like CO and H,. A single peak at the far-burner region was
because of the oxidation of the soot particles, which were concentrated at the center of
the flame. Furthermore, the gases were well mixed with the O, from the air (O,
concentration in the far-burner region was higher). In the far-burner region, there were
enough hot gases that led to the growing importance of buoyancy force. The narrowing of

the flame as shown in Figure 3.56a was caused by the acceleration of the buoyancy force.
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This is because conservation of mass requires the streamlines to come closer together as
the velocity increases (Turns, 1996).

The CO, concentrations in the 100% and 60% CFMFR flames were slightly
higher (0.5% to 1%) than in the 30% and 10% CFMFR flames. There were two main
reasons for this difference. First, the soot production rate for this region was lower for the
30% and 10% CFMFR flames as described previously. Secondly, at a lower jet Reynolds
number (Figure 3.8), the flame approached or was at laminar flame condition at the 30%
and 10% CFMFR flames. These were the reasons for the lower flame mixing effect,

which led to lower CO, formation.

O; concentration

Figures 3.33a to 3.33d show the in-flame O, concentration profiles in at the four
percentages of CFMFR. The O, concentration profiles are like the inverted profiles for
CO; concentration. The slopes are steeper in the near-burner and mid-flame regions
because the rate of O, diffusion rate into the flame was still low. The O, concentration in
the far-burner region was higher, which is consistent with the explanation in the CO,
concentration section. The O, concentration in the far-burner region was higher because
the flame was well mixed with the excess O, that was entrained throughout the flame.
The 30% and 10% CFMFR flames had higher O, concentration in the far-burner region
because this region had a low oxidation rate due to the low in-flame soot concentration
(as explained in global emission section). The main chemical reaction in the far-burner

region was soot oxidation.
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Soot Concentration

Figures 3.34a to 3.34d show the in-flame soot concentration profiles for the four
percentages of CFMFR. In most cases, the far-burner region had a higher soot
concentration than the rest of the regions. Overall, the 100% and 60% CFMFR flames
had approximately the same magnitude of peak soot concentration in the far-burner
region (within the uncertainty) but the profiles were of different shapes. In the 100% to
60% CFMEFR flames, the mid-flame region soot concentration was lower. The reason
may be mainly due to the N, addition into the flame. From 60% to 30% and 10%
CFMER, the flames showed a significant decrease of soot concentration. The reason for
the decrease was that the mole fraction of nitrogen for the 30% and 10% CFMFR flames
was higher compared to that in the 100% and 60% CFMFR flames. As discussed in the
global emission section, the addition of nitrogen can cause a reduction of the flame
temperature at the region very close to the burner. The temperature reduction in this
region reduces the soot production rate (Santoro and Richardson, 1994). On the other
hand, the reduction of fuel flow rate may also cause the decrease of soot concentration in
the flame. The reduction of fuel flow rate, in effect, decreased the total carbon supplied

into the flame.

3.3.4b Cross-Flow Emission Profiles

Figures 3.35 to 3.51 show the concentration profiles of NO, CO, CO, and O, on
X-axis in the 2 m/s, 3 m/s and 4 m/s cross-flow flames. In order to cover all regions, the
momentum-dominated, the chemically-dominated, and the transition regions, four

different CFMFR were selected for the different cross-flow conditions For 2 m/s and 3
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m/s cross-flow, the concentration profiles were measured at 100%, 60%, 20% and 10% of
CEMEFR; for 4 m/s cross-flow, 100%, 60%, 30% and 10% CFMFR flames were
measured. The transition region for 2 m/s and 3 m/s cross flow was 20%, and for 4 m/s
cross-flow was 30%. The cross-flow flames were not axisymmetric on the axis of
measurement; as a result, all the concentration profiles exhibit skew, quiescent diffusion

flame like, concentration profiles.

NO Concentration

The NO concentration profiles for the flames in the 2, 3 and 4 m/s cross-flow are
shown in Figures 3.40, 3.44 and 3.48 for all the four conditions. Similar to those the in
quiescent condition flame, most NO concentration profiles at the mid-flame and the near-
burner regions show a dual-peak profile. The NO formation rate depends on temperature
according to thermal mechanism for a wide range of equivalence ratios. In most of the
cross-flow flames, the NO concentration profiles for the momentum-dominated region to
the transition regions (Refer to Table 3.5) show that the near-burner and the mid-flame
regions exhibited a dual peak profile. However, almost all the chemically-dominated
region flames show that the near-burner and the mid-flame region NO concentration
profiles exhibit a dual-peak characteristic. All profiles in the far-burner region had only a
single peak. Overall, the 20% and 10% CFMFR flames in the 2 and 3 m/s cross-flow and
the 30% and 10% CEFMFR flames in the 4 m/s cross-flow had slightly higher NO
concentration peaks than in the other higher CFMFR flames. In general, the peak
temperature in the 20% and 10% CFMFR flames in the 2 and 3m/s cross-flow and in the

30% and 10% CFMFR flames in the 4 m/s were higher than the other two higher CFMFR
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flames. Hence, temperature was the main factor for the NO concentration difference for
these two regions.

The NO concentration profiles at the different cross-flow conditions are similar to
each other. There are some variations in the peak values, but the trends of the profiles are
similar. The only significant variation of the peak values is in the 100% CFMEFR flames.
The order for the peak NO concentration in 100% CFMFR flames is at 4 m/s cross-flow
as the highest, and followed by 3 m/s and 2 m/s velocity cross-flows. For the rest of the
percentages of CFMFR flames, the NO peak concentration differences were within the

uncertainty limit.

CO Concentration

Figures 3.41, 3.45 and 3.49 are the CO concentration profiles in the flames in the
2, 3 and 4 m/s cross-flow. All the flames had the peak of CO concentration at or close to
the center of the flames. The concentration profiles for all CO concentrations are like a
bell shape or a slightly skewed bell shape. The near-burner region of all flames had the
highest CO concentration followed by the mid-flame region and then the far-burner
region. The explanations for the behavior of CO concentration profiles are similar to
those in the quiescent condition section, which is mainly determined by to the availability
of O, in the flame and local soot concentration.

The CO concentration profiles for all the cross-flow conditions had similar
profiles; even the magnitudes are surprisingly close in some cases, especially in the far-

burner region. More discussion on these results will be presented in the Chapters IV and
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V, where these results are discussed along side with the soot and OH concentration

results.

CO; Concentration

Figures 3.42, 3.46 and 3.50 show the CO, concentration profiles for the flames in
the 2, 3 and 4 m/s cross-flow. In the momentum-dominated region, the CO, concentration
in the near-burner region showed dual-peak profiles. In 2 m/s and 4 m/s cross-flow, the
mid-flame region also exhibited a double peak character. The peak on the left is higher
than the one at the right for all cases, which resembles the trend of the NO concentration
profile. In general, in the momentum-dominated region, the CO, concentration in the far-
burner region was higher than in the mid-flame region, and the near-burner region had
the lowest CO, concentration.

In the chemically-dominated region, the dual-peak profile in the near-burner
region is present in all cross-flow conditions. The dual-peak profile in some of the flames
was not as obvious as in the quiescent condition flames. First, the cross-flow flames were
better mixed with cross-flow air than the quiescent conditions flames. Secondly, the
quiescent fuel flow rates were about double that in the cross-flow condition, which led to

a larger flame.

0, Concentration
Figures 3.43, 3.47 and 3.51 show the O, concentration profiles in the cross-flow
of 2, 3 and 4 m/s. All the O, concentration profiles were shaped like an inverted skewed

bell shaped curve. In fact, they were almost the inversion of CO, concentration profiles.
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This is a typical O, concentration trend for a diffusion flame. The O, from the
surrounding air was diffused into the flame naturally and by shear with cross-flow. The
slopes on the right side of the curves for all conditions were steeper than the ones on the
left side. The Z-velocity results in Figures 3.60 to 3.62 show a higher Z-velocity on the
left side of the flame. Hence, the higher mixing on the left side of the flame caused the
higher mixing rate and deeper penetration of air into the flame. As a result, this caused
more influx of air into the left side of the flame and it led to a lower O, concentration
profile slope. In general, by comparing the O, concentration at the three flame locations
in the flame, the far-burner region had higher O, concentration than the other two flame
locations. This was because the air was continuously entrained and was mixed into the
flame by the CVP. Furthermore, the oxidation rate in the far-burner region was less
compared with that at the other two locations. The flame became narrower and smaller as
the fuel flow rate decreased. Furthermore, the slope of O, concentration profile on the left
side became sharper than in the flame at the higher fuel flow rate. This may indicate that
the entrainment or penetration of O, into the flame became lower. This was because at
the lower fuel flow rate, the lower momentum from the jet and the lower heating from the
flame reduced the mixing effects between the flame and the surrounding air. Hence, at
the lower CFMFR, the momentum effect on the flame was low, compared with the higher
CFMER flames.

All the Oy concentrations profiles for all the cross-flow conditions exhibited
similar trends. However, the values had a slight difference at some of the flame
conditions. Most of the flames in the 2 m/s cross-flow had lower O, concentrations than

the flames in the 3 and 4 m/s cross-flow. As mentioned earlier, the CO, concentration
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profile is normally the inverted profile of O, concentration. The 3 and 4 m/s cross-flow
flames had better mixing than the 2 m/s cross-flow in high CFMFR case, which could

bring more O, into the flames.

3.3.5 Flame Height or Flame Length

The definition of flame height/length is the distance from the burner to the end of
visible luminous zone. Strictly speaking, the actual sense of height has to include the after
burning of CO and soot. This small distance of the afterburning of these species that
contributed to the flame height is probably the same and small for most fuel conditions
(Roper, 1977; Roper and Smith, 1977), and does not cause any serious error in the
measurements and results (Schug et al. 1980). The definitions of the flame dimensions in

the quiescent and the cross-flow conditions are shown in Figure 3.55.

3.3.5a Flame Height in Quiescent Conditions

Figure 3.54a shows the flame height for all the cases with the inert gases dilution
studied and at all the different percentages of CFMFR. The nitrogen gas diluted flames
had the higher flame height compared to other inert gas (CO,, He, and Ar) diluted flames
from CFMFR of 30% to 90%. However, the profile is reversed at conditions below 30%
of CFMFR. At 20% and 10% CFMFR, the nitrogen gas diluted flame heights were the
lowest. Then, on 5% CFMFR, the nitrogen gas diluted flame height was the second
lowest. On the other hand, the argon gas diluted flames were the shortest from 90% to

30% CEMER, but with 20% CFMFR, the argon-diluted flame was the tallest.
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3.3.5b Flames Dimensions in Cross-Flow Conditions

Figure 3.54b shows the flame height in all the cross-flow conditions and at all the
percentages of CFMFR studied. The flame length, Ly, was initially reduced with the
increase of cross-flow speed from 2 m/s to 3 m/s, but the further increase of the cross-
flow speed, 3.5m/s to 4 m/s, increased it. The non-monotonic relation can be explained
from the observation of the flame shape. The initial increase of cross-flow momentum (2
m/s to 3m/s) increased the air entrainment into the flame, which in effect shortened the
flame length. However, with further increase of cross-flow momentum (3.5 m/s to 4 m/s),
up to a certain momentum flux ratio (~25), the flames started to bend more along the
cross-flow. As a result, the cross-flow effect on the flame was less significant for the
higher cross-flow speed than the lower cross-flow speed because of the reduction of the
flame frontal area, Ay Hence, the flame length increased. This non-monotonic relation
was also observed by Goh (1999).

For all the cross-flow conditions, there is a dip in flame length profile at 30%
CFMFR. Surprisingly, at that point, all the flames for all the cross-flow conditions had
somewhat the same length. At 20% CFMFR, the flame length started to increase again at
all the cross-flow conditions. From 10% to 5% CFMFR, the flame length decreased
again. This phenomenon indicated that the transition of the flames from a fully turbulent
flame to a laminar flame. The 30% CFMFR flames were probably in the transition
region. From the flame images in Figures 3.57a to 3.57e, the flames at 30% or 20%
CFMFR appeared smoother for more than one to two thirds of the flame. The 10% and

5% CFMEFR flames appeared laminar. A laminar flame had less air entrainment than a
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turbulent flame due to the low mixing. Hence, the lower mixing caused the increase of
the flame residence time to oxidize the soot. As a result, the flame in the transition region

or the laminar flame appeared longer.

3.3.6 Velocity Profiles

3.3.6a Velocity Profiles in Flame at Quiescent Conditions

Figures 5.59a to 5.59d are the upward axial velocity profiles in all the four
percentages CFMFR flames. All these velocity values were calculated from the measured
dynamic pressure and the corrected density from the temperature results.

All the flames had the peak velocity on the centerline of the flames. The velocity
decreased along the axial direction of the flame. The axial velocities at 60% CFMFR
flame in the near-burner and the mid-flame region were lower than in the 100% CFMFR
flame because the 60% CFMEFR jet momentum was lower (Refer to Figure 3.8 for the
exit jet Reynolds number for all percentages of CFMFR). However, the axial velocities
in the core of the far-burner region of flame were very close for both conditions, though
the 60% CEMFR radials profile was smaller. This was because in the far-burner region,
the gas flow was dominated by the buoyancy effect, whereas in the near-burner region,
the jet momentum was dominating the flow. The increasing buoyancy effects in the 10%
and 30% CFMFR flames can be observed from the change of the velocity profiles. In the
30% CFMEFR flame, the overall velocities for all three axial locations were higher than in
the 60% CFMEFR flame, even though the 30% CEMEFR flame jet momentum was lower.
The increase of the velocity may indicate that the flame was in transition from a turbulent

to a laminar flame, where the buoyancy effect became more significant. In the flame

61



images (Figure 3.57a), the transition was evident in the 30% and 20% CFMEFR flames.
The 10% and 5% CFMFR flames were evidently laminar flames. Furthermore, the flame
peak temperature of the 30% CFMFR flame was higher than in the 60% CFMFR flames
for all three locations. The higher temperature had the effect of increasing the velocity
value due to the way that the velocity value was calculated. The density on the velocity
term was derived from the temperature results with the assumptions of ideal gas and most
of gases were air. The lower density values resulting from the high temperatures led to
higher velocities. At 10% CFMFR, the flame appeared to be very narrow and had a
higher axial velocity than the other CFMFR flames. The lower fuel flow rate and the
strong buoyancy effects caused the flame to become long and narrow. In a laminar flame,
the acceleration due to the buoyancy force caused the flame to become narrow at the
flame-end. Furthermore, the lack of mixing in a laminar flame caused the increase of

residence time, which in effect increased the flame length.

3.3.6b Cross-Flow Velocity Profiles

Figures 3.60 to 3.62 show the Z velocity component results in the flames at 2, 3
and 4 m/s cross-flow for the four different percentages of CFMFR at three different
locations, in the far-burner, mid-flame and near-burner regions (75%, 50% and 25% of
flame length, Lg,).

As mentioned in the temperature section (3.3.2), the measured Z-velocity
component for all cross-flow conditions was higher on the left side than the right side.
The better air entrainment at the left side of the flame can be explained by the CVP

behavior. The roll up and the folding mechanism due to the interaction of the jet and the
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cross-flow developed into CVP downstream. Figure 3.23 provides a schematic diagram
of the process.

The point of peak velocity was located very close to the peak temperature region.
For instance, in Figure 3.25a, the peak temperature is around the normalized distance of
20 (r/D), but the peak velocity is around 22 (1/D) in Figure 3.60a. There were two reasons
for this. First, in the high temperature regions, the gas was accelerating due to the
buoyancy effect. Secondly, it was caused by the way that the velocity value was

calculated (as mentioned in previous section, 3.3.6a).

3.3.7 Flame Radiation

Figures 3.52 and 3.53 show the results for the total flame radiation and the flame
radiation fraction at quiescent flame conditions. The total flame radiation is directly
proportional to fuel flow rate. Figure 3.52 shows that the flame radiation increases almost
linearly with the fuel flow rate. The comparison of the flame radiation for different inert
gases shows that the argon gas diluted flames radiation was slightly lower than the
radiation from the other inert gas diluted flames. On the other hand, the helium gas
diluted flames radiation was slightly higher than the other inert gases diluted flame
radiation at a high fuel flow rates. These phenomena can be explained from Figure 3.7a.
The argon mass flow rate was the highest among other inert gases at smoke point
condition. The higher argon mass flow rate may have absorbed more radiating heat from
the flame than other inert dilution flame. On the other hand, the helium mass flow rate
was the lowest among the other inert gases at each of the CFMFR. Thus, the helium gas

diluted flame had the highest flame radiation.
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However, the variation in radiation among the flames was small. The flame
radiation fraction of heat release also showed that the variations in them among the
flames was also small. The order (highest to lowest) of the value was about the same as
the total flame radiation results. This was because all the flames have the same fuel mass

flow rate; in another words, they had the same heating value.

3.4 Summary and Conclusion

All the smoke point results (quiescent and cross-flow conditions) show a skewed
bell shape curve for the inert gas addition mass flow rate versus the fuel mass flow rate.
From these results, two separate regions were defined as the chemical and momentum
dominated regions, which are separated by a transition region. All the flames in quiescent
condition and the 3.5 and 4 m/s cross-flow showed the transition region located at 20% to
40% CFMFR. The 2 to 3 m/s cross-flow flames had the transition region located at 10%
to 30% CFMFR. This study was different from Goh’s (1999) study mainly because the
burner and the wind tunnel configurations used in both studies were different. The
different burner configuration (introduction of hydrogen gas to attach the flame) caused
the difference in the jet exit Reynolds number, which lead to the different smoke point
results. The horizontal and the vertical wind tunnel had different flame buoyancy effect,
which also lead to dissimilar smoke point results.

The inert gases comparison shows that the increasing rank of the gas cffectiveness
in suppressing smoke was He, N;, CO, and Ar (mass basis). The main reason for this
phenomenon was the heat sink capability of the gas. Hence, the specific heat of the gas

becomes an important parameter. Thus, the rank of the effectiveness of the gases in
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suppressing the smoke followed the rank of the specific heat of the gases. The
comparison of the cross-flow flames showed that the jet Reynolds number and the
momentum flux ratio (relative to respective percentage CFMFR) at the smoke point
decreased with an increasing cross-flow velocity.

The temperature profiles in the flames at the quiescent condition and two lowest
CFMFR show a dual-peak structure in the near-burner and mid-flame regions, because
most reactions in this region were gas phase reactions. The far-burner region temperature
profile showed a single peak because most of the reactions in this region were
heterogeneous kinetic-controlled soot oxidation, as most of the soot particles in this
region were concentrated near the flame centerline. The left side of the cross-flow flame
had a higher temperature than the right side (x direction). This was mainly due to the
mixing effect of the CVP, which caused the increase of the flame oxidation rate on the
left side of the flame. The flame buoyancy effect also played an important role in
influencing the mixing rate in the higher momentum flux ratio flames.

The global emission index results (quiescent and cross-flow conditions) showed
that the momentum-dominated region flame had an increase of CO concentration as the
CFMFR decreased. This phenomenon showed that the turbulence intensity (or the
momentum effect) was the primary influence of CO oxidation in these flames. However,
in the chemically-dominated region of the flame, the CO emission index decreased as the
CFMFR decreased. This observation showed the behavior opposite to that in the
momentum-dominated region, which signifies the dominance of the chemical effect. The
global emission results in both quiescent and cross-flow flames showed that the O, and

the CO, concentrations were in an opposite trend. In the cross-flow flames global

65



emission results, the NO and NOy emission indices showed an increasing trend with the
decrease of CFMFR. However, NO and NO, emission indices in quiescent flames show
very small discrepancy at different CFMFR.

At quiescent conditions the in-flame concentration profiles showed that the NO
concentrations of the 10% and 30% CEFMFR flames were higher than in the 60% and
100% CFMFR flames. This was because that the 60% and 100% CFMEFR flames had a
wider high temperature region than the 10% and 30% CFMFR flames. The CO,
concentration results exhibited a dual peak at the near-burner and mid-flame regions for
all the flames. The explanation for this phenomenon was similar to the one given in the
temperature section. The O, concentration results showed an inverted behavior as the
CO; concentration profile, which was expected in a diffusion flame.

In the cross-flow flames, the NO concentration profile was very similar to the
temperature profile. Hence, the temperature effect dominated the NO production rate.
Almost all of the near-burner and the mid-flame region of the chemically-dominated
flames, and most of the momentum-dominated flames showed a dual peak structure. The
NO and CO;, concentration on the left side of the flame were higher than those on the
right, which had similar characteristic as the temperature profile. Similar to the NO
concentration profile, the CO, concentration profile also exhibited a dual-peak structure
in the near burner region for all the cross-flow flames. Again, similar to the quiescent
condition flame, the O, concentration profile of the cross-flow also showed an inverted
structure of the CO, concentration profile. The gradient of the O, concentration on the
left of the flame was lower than on the one on right, which indicated that the mixing rate

on the left side of the flame was higher than the one on the right (x direction). The cross-
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flow flame velocity results also showed a higher mixing rate on the left side of the flame
than the one on the right.

The cross-flow flame structure exhibited a non-monotonic relation in the flame
length versus the cross-flow velocity results. The flame length decreased with the
increase of the cross-flow velocity from 2 to 3 m/s. However, from 3.5 to 4 m/s cross-
flow, the flame length started to increase. These higher cross-flow velocity flames (3.5
and 4 m/s, momentum flux ratio, R < 40) behaved like a co-flow flame, which resulted in
a decrease of the mixing rate, and an increase of the residence time and the flame length.
All the cross-flow flames show a decrease of flame length from 100% CFMFR to the
transition region. However, the flame length result shows an increase from the transition
to 10% CFMFR. This was due to the transformation of the flame from turbulence-
controlled to a laminar condition.

The flame radiation measurement result of the quiescent condition flames showed
that the total flame radiation decreased with the decreased of CFMFR. There was a small

variation of the flame radiation for different inert gas dilutions.

Table 3.7a Quiescent Experimental Conditions

Mass Flow Rate Jet Vel Mass Fraction Jet
% CFMFR | Propylene | Nitrogen | Hydrogen m/s Propylene | Nitrogen | Hydrogen | Reynolds
(glmin) (g/min) (g/min) Number
100% 17.322 0.000 0.671 38.15 0.963 0.000 0.037 12589
90% 15.562 1.324 0.651 37.91 0.887 0.075 0.037 11668
80% 13.802 2.136 0.627 36.63 0.833 0.129 0.038 10630
70% 12.042 2.345 0.573 33.49 0.805 0.157 0.038 9423
60% 10.282 2.942 0.468 29.75 0.751 0.215 0.034 8340
50% 8.522 3.646 0.340 25.63 0.681 0.292 0.027 7301
40% 6.762 4.112 0.340 24.34 0.603 0.367 0.030 6215
30% 5.002 4.034 0.282 20.57 0.537 0.433 0.030 4950
20% 3.242 3.843 0.237 16.94 0.443 0.525 0.032 3666
10% 1.482 2.834 0.110 9.74 0.335 0.640 0.025 2070
5% 0.602 2.243 0.084 6.92 0.205 0.766 0.029 1265
0% 0 0 0 0.00 0.000 0.000 0.000 0
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Cross-Flow Velocity
Cross-Flow Reynolds number

Table 3.7b Cross-Flow Experimental Conditions

2m/s
48767

Mass Flow Rate Jet Vel Mass Fraction Momentum Jet Fn Ll Frof
% CFMFR | Propylene { Nitrogen § Hydrogen Propylene ] Nitrogen | Hydrogen] Flux Ratio | Reynolds | Froude # | Froude # § Froude #
(g/min) (g/min) (g/min) m/s R Number Jet Flame [ Cross-Flow
100% 8.629 0.000 0.919 33.98 0.904 0.000 0.096 136.66 6357 36785.99 2.85 1.32
90% 7.738 1.252 0.666 28.71 0.801 0.130 0.069 116.79 6035 26266.27 1.98 0.96
80% 6.847 1.342 0.607 26.33 0.778 0.153 0.069 97.55 5422 22082.83 2.31 0.93
70% 5.956 1.885 0.502 23.57 0.714 0.226 0.060 82.81 4943 17689.84 2.59 1.13
60% 5.066 1.957 0.424 20.66 0.680 0.263 0.057 64.79 4322 13593.08 1.98 1.06
50% 4.175 2.201 0.349 18.15 0.621 0.327 0.052 51.41 3763 10491.79 2.58 1.08
40% 3.284 2.088 0.294 15.49 0.580 0.368 0.052 36.98 3092 7645.27 245 1.25
30% 2.394 2.166 0.226 12.83 0.500 0.453 0.047 25.85 2486 5240.39 2.70 1.72
20% 1.503 2.404 0.134 9.86 0.372 0.595 0.033 16.79 1937 3099.64 2.90 1.63
10% 0.612 1.885 0.057 5.91 0.240 0.738 0.022 6.36 1125 1112.57 3.93 2.94
5% 0.167 1.187 0.042 3.74 0.120 0.850 0.030 2.20 573 445.88 3.17 2.26
Cross-Flow Velocity 3m/s
Cross-Flow Reynolds number 73151
100% 8.197 0.000 0.939 33.97 0.897 0.000 0.103 58.10 6065 36759.73 3.89 2.80
90% 7.349 0.763 0.739 29.24 0.830 0.086 0.084 48.45 5634 27235.21 3.19 2.31
80% 6.502 1.193 0.640 26.48 0.780 0.143 0.077 41.31 5145 22338.27 2.91 217
70% 5.654 1.563 0.584 24.72 0.725 0.200 0.075 36.10 4659 19463.04 2.79 2.11
60% 4.807 1.760 0.522 22.51 0.678 0.248 0.074 29.87 4118 16135.56 3.44 2.34
50% 3.959 1.933 0.442 19.76 0.625 0.305 0.070 23.43 3563 12441.41 3.54 2.67
40% 3.112 2.016 0.371 17.10 0.566 0.367 0.067 17.60 2985 9315.47 3.24 2.54
30% 2.264 1.963 0.275 13.57 0.503 0.436 0.061 11.44 2351 5865.77 2.47 2.28
20% 1.417 2.201 0.160 10.05 0.375 0.583 0.042 7.1 1817 3216.96 3.31 3.84
10% 0.569 1.533 0.090 6.07 0.260 0.699 0.041 2.49 983 1172.64 3.87 4.75
5% 0.145 1.031 0.072 4.20 0.116 0.826 0.057 0.98 520 561.02 3.71 5.29
Cross-Flow Velocity 4m/s
Cross-Flow Reynolds number 97534
100% 7.105 0.000 0.889 31.37 0.889 0.000 0.111 26.41 5292 31354.90 4.32 4.74
90% 6.367 0.595 0.787 28.98 0.822 0.077 0.102 23.65 4925 26750.60 3.19 3.18
80% 5.629 1.067 0.670 25.95 0.764 0.145 0.091 20.13 4517 21458.46 4.32 4.21
70% 4.890 1.372 0.566 22.99 0.716 0.201 0.083 16.53 4064 16839.57 3.25 3.15
60% 4.152 1.395 0.512 20.79 0.685 0.230 0.084 13.27 3544 13769.37 3.37 3.41
50% 3.414 1.491 0.395 17.12 0.644 0.281 0.075 9.55 3018 9333.02 3.91 4.79
40% 2.675 1.401 0.319 14.13 0.609 0.319 0.072 6.54 2450 6360.27 2.64 4.31
30% 1.937 2.148 0.279 13.61 0.444 0.492 0.064 6.25 2203 5902.57 3.88 5.86
20% 1.198 2.118 0.194 10.52 0.341 0.603 0.055 3.89 1663 3526.29 3.74 5.19
10% 0.465 1.413 0.092 5.76 0.236 0.717 0.047 1.20 874 1057.16 2.08 5.30
5% 0.093 0.739 0.075 3.68 0.103 0.815 0.082 0.35 383 430.42 212 8.22
Voo test : : :
Cross-Flow Reynolds Number = ——% where Dy is hydraulic diameter of the test
(%

section x-y cross sectional area.

Jet Froude number =

V;

gD

J

oo

Flame and cross-flow Froude number is defined in page 37.

where g is the gravitational acceleration, D; is the jet diameter.
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1. He-Ne Laser 7. Flame with Burner
2. Tripod 8. Mixing Device
3. Laser Beam 9. Rotameters
4. Laser Power Detector 10. Damper
5. Display 11. Relay Valve
6. Combustion Chamber 12. To Fuel, Hydrogen and
Nitrogen Supply

Figure 3.1 Combustion Chamber, Smoke Point Detection and Soot Volume Fraction
Measurement Setup



1. Oxygen Analyzer 10. Quartz probe
2. NO-NOy Analyzer 11. Combustion Chamber
3. CO; Analyzer 12. Mixing Device
4. CO Analyzer 13. Rotameters
5. [Exhaust Treatment System: 14. Damper
Particulate Filter, Ice-Bath, 15. Rotameter
Vacuum Pump 16. Relay Valve
6. DAS and Computer 17. Radiometer
7. 2-D Traverse Mechanism 18. CCD Camera
8. Exhaust Collection Cone 19. To Fuel, Hydrogen and Nitrogen
9. Flame with Burner Supply

Figure 3.2 Flame Emission and Radiation Measurement, and Flame Imaging
Setup
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1
9
13 13
1. Oxygen Analyzer 10. Quartz probe or Thermocouple or Pitot
2. NO-NOy Analyzer Static Tube
3. CO; Analyzer 11. Combustion Chamber
4. CO Analyzer 12. Mixing Device
5. Exhaust Treatment System: 13. Rotameters
Particulate Filter, Ice-Bath, 14. Damper
Vacuum Pump 15. Rotameter
6. DAS and Computer 16. Relay Valve
7. 2-D Traverse Mechanism
8. Stepper Motor 18. To Fuel, Hydrogen and Nitrogen
9. Flame with Burner Supply
19. Barocel

Figure 3.3 In-Flame Gas Sampling and Temperature Measurements Setup
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7
8
6 1. Exhaust Duct 11.Burner
9 2. Suction Fan 12.To Mixing
3. Air Duct Chamber and
11 4. Tempered Glass Flowmeters
10 on 3 sides 13.Contraction
5. He-Ne Laser 14.Filter
6. Cylindrical Lens 15.Turning Ducts
7.Laser Sheet 16.Screens
8. Slotted Plate 17. Flow Settling
12 9.Flame Section
10.Test section 18.Blowers
13
14 17
' '
15 / 1

Figure 3.4 Schematic Diagram of the Combustion Wind Tunnel and
Smoke Point Detection

72



}

H

35.6 cm

TN}

L1

Crass-flow

A
v

35.6cm

Figure 3.5 Coordinate System of Wind Tunnel.

76cm

73



Velocity (m/s)
—~ N
-t (&) [\ [é)]

=)
o1
|

o

0 10 20 30 40

X Direction (cm)

Figure 3.6a Velocity Profile of the Middle of the Test Section at 3.4 m/s in X Direction
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Figure 3.6b Velocity Profile of the Middle of the Test Section at 3.4 m/s in Y Direction
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Figure 3.6¢ Velocity Profile along the Z axis at the Center of the Test Section
at 3.5 m/s
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Figure 3.7b Inert Gases Volume Flow Rate Comparison at Smoke Point
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Figure 3.9 Nitrogen Mass Flow Rate Comparison for Single Burner and Co-
annular Burner at Smoke Point
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Figure 3.11 Hydrogen Mass and Volume Flow Rate for Each Fuel Mass and
Volume Flow Rate at Smoke Point for Nitrogen Dilution for Single Burner Study
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Figure 3.13 Smoke Point Results for Different Cross Flow Conditions
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Figure 3.14 Jet Reynolds Number at Smoke Point for Different Cross
Flow Conditions
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Figure 3.16 Momentum Flux Ratio at Smoke Point for Different Cross

Flow Conditions
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Figure 3.17 Comparison of Current Upright Wind Tunnel Nitrogen Mass Flow Rate at
4.0 m/s to Horizontal Wind Tunnel Nitrogen Mass Flow Rate at 4.02 m/s
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Figure 3.18 Comparison of Current Upright Wind Tunnel Fuel Jet Reynolds Numbers
at 4.0 m/s to Horizontal Wind Tunnel Fuel Jet Reynolds Numbers at 4.02 m/s
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4.0 m/s to Horizontal Wind Tunnel Momentum Flux Ratio at 4.02 m/s Cross-Flow
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Figure 3.20a The Calculated Froude Number for the Flame and the Cross-Flow for
Different Percentages of CFMFR at 2m/s Cross-Flow Condition.
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Figure 3.20b The Calculated Froude Number for the Flame and the Cross-Flow for
Different Percentages of CFMFR for 3m/s Cross-Flow Condition.
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Figure 3.21 Mole Fraction of Jet Gas Mixture for Nitrogen Dilution Study

in Quiescent Condition

0.8
0.7 - A
\ v
o\
0.6 - N
\\
§ 0.5 | N\ A o Propylene
g o Nitrogen
‘; 0.4 1 A Hydrogen
2 o
R e b h S _——%
0.3 - o —o—
- N
0.2 - Radl TN
) ‘,Q/ \\m.\ -
O,/ \11\ -
014 - 3
8 ~e
O ) T 1 T \¢
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22a Mole Fraction of Jet Gas Mixture at Smoke Point at 2m/s

Cross-Flow

85



Mole Fraction

0.8
0.7 - \
0.6 -
. ¢ Propylene
o i Nitrogen
" s ° a Hydrogen
~
0.3 1 \\n
‘\\\(‘"O'— —o——-—-O—.—.O_._.Q'---o-o
0.2 - s Sha N - 4
o ~ _
"’ \%*
o ~~a_
0.1 4 ’(; ‘\m\
7 \\E
o .
’ | ' ' ‘ b
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22b Mole Fraction of Jet Gas Mixture at Smoke Point at 2.5 m/s

Cross-Flow

0.8

0.7 - \

0.6 -
€ 0.5 - Propylene
5 NG o Propy
B o Nitrogen
<04 - A = @
w ~ 4 Hydrogen
[}] ~
[ ~0 o
EOS“ \m\\ o ,-O—’“""o'— S S )

Sae T T
0.2 - o RN
/?’ - T~
\&\
01| &7 m~
2’ e S
° ~a.
0 : : ; : o
0% 20% 40% 60% 80% 100%
Percentage of CFMFR

Figure 3.22¢ Mole Fraction of Jet Gas Mixture at Smoke Point at 3.0 m/s

Cross-Flow



0.8

A
0.7 -
0.6
£ 0.5 1 Eﬂ\\f o Propylene
-§ v Nitrogen
i 04 1 A NG & Hydrogen
o \
[*] <
= 0.3 - 5
-~
~ o e O g OO g
0.2 - e N
o7 S~
o1 o "B
\, ‘\m\
3 S-el
0 . . . 1 -
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22d Mole Fraction of Jet Gas Mixture at Smoke Point at 3.5 m/s

Cross-Flow
0.8
A
0.7 -
A
0.6 -
A
- i
2 0.5 o Propylene
0
Q ~ 2 Nitrogen
wod4dq o 4\*\ 9
o ~ 2 Hydrogen
o ~
203 T~
Q\ O om0 R
T e G A
.-
0.2 3 ’6,’ [w ~ ~
gl S~
0.1 g s~ o
iz’ =~ ~ M
3 T~~al
0 ‘ 1 , , -
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22e Mole Fraction of Jet Gas Mixture at Smoke Point at 4.0 m/s

Cross-Flow

87



Mass Fraction

1
23
0.9 o
©
0.8 - o o
o
0.7 - o
0.6 - o
o o o Propylene
0.5 4 o Nitrogen
0.4 - © . & Hydrogen
o
0.3 - n
024 ¢ o
0.1 S oo
U a
0 & A A A A A A A A A ff
0% 20% 40% 60% 80% 100%
CFMFR

Figure 3.22f Mass Fraction of Jet Gas Mixture at Smoke Point in

Quiescent Condition

1
0.9 ¢
£3
0.8 - o °
i o
0.7 o
5 o Propylene
50.6 - o °
i © o Nitrogen
505 - ° a Hydrogen
@ 0
©0.4
= < o
0.3 - .
]
0.2 - N
. o
014 ¢ A
A A A A A A a A a
O 1 T T T m
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22g Mass Fraction of Jet Gas Mixture at Smoke Point at 2

m/s Cross-Flow

38



1

0.9 - ¢
0.8 - °
o
0.7 o
3
g 0.6 o ¢ Propylene
g o o o Nitrogen
E 0.5 - o a Hydrogen
3 ]
g 0.4 - o o
0.3 - .
a
=}
0.2 - o
ju]
] .S
0.1 . A A A A A A A
O T T “t i &
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22h Mass Fraction of Jet Gas Mixture at Smoke Point at 2.5 m/s

Cross-Flow
1
0.9 - 3
o
0.8 - o
0.7 | R ¢
© Propylene

0.6 - ° )
5 . o o o Nitrogen
ﬁ_“-’ 0.5 4 o & Hydrogen
0
» ]
© B
S 0.4 ° :

0.3 - n:

o
0.2 - W)
0.1 5 . A A A A A A ] A
0 . : . . &
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.221 Mass Fraction of Jet Gas Mixture at Smoke Point at 3 m/s

Cross-Flow

89



0.9 23
0.8 - ©
o
o
0.7 o ¢ Propylene
5 06 4 a < o Nitrogen
g © & Hydrogen
r 0.5 - -
3 Lo
S 0.4
= o o
0.3 - o
=)
0.2 4 (#]
o
&
0.1 - . R A R A A A A
0 T T T 1 r‘
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22j Mass Fraction of Jet Gas Mixture at Smoke Point at 3.5 m/s

Cross-Flow
1
0.9 - ¢
]
0.8 - °
°
o

0.7 - ° o Propylene
§ 0.6 | o © o Nitrogen
g ° A Hydrogen
& 0.5 1 5
8 Lo
S 0.4
= o o

0.3 ul

]
0.2 - ]
s}
014 ¢ A
. R A A A A A A A
0 T 1 ) T t
0% 20% 40% 60% 80% 100%

Percentage of CFMFR

Figure 3.22k Mass Fraction of Jet Gas Mixture at Smoke Point at 4 m/s

Cross-Flow

90



Counter-rotatin g
Vortex pair, CvVp

- Axis of
g the jet
] I

Shear layer

91



2500

¢ Far
v Mid
2000 -
& Near
g 1500 -
o
=
©
8
£ 1000 -
c
=
500 -
0 T T T T T
-30 -20 -10 4] 10 20

Figure 3.24a Radial Temperature Profiles at 100% CFMFR for Three Flame

Normalized Radial Location, r/D

30

Heights (Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

2500
¢ Far
o Mid
2000 - A Near
3
;’ 1500 -
|
=
©
o
Q
£ 1000 -
]
[t
500 -
O T T T T
-30 -20 -10 0 10 20

Normalized Radial Location, r/D

30

Figure 3.24b Radial Temperature Profiles at 60% CFMEFR for Three Flame Heights

(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)
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Figure 3.24c Radial Temperature Profiles at 30% CFMFR for Three Flame Heights
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Figure 3.25a Temperature Profiles in X direction at 100% CFMEFR at 2 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.25¢ Temperature Profiles in X direction at 20% CFMFR at 2 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.25d Temperature Profiles in X direction at 10% CFMFR at 2 m/s Cross-flow at
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Figure 3.26a Temperature Profiles in X direction at 100% CFMFR at 3 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.26b Temperature Profiles in X direction at 60% CFMFR at 3 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.26¢ Temperature Profiles in X direction at 20% CFMFR at 3 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.26d Temperature Profiles in X direction at 10% CFMFR at 3 m/s Cross-flow at
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Figure 3.27a Temperature Profiles in X direction at 100% CFMFR at 4 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.27b Temperature Profiles in X direction at 60% CFMFR at 4 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.27¢ Temperature Profiles in X direction at 30% CFMFR at 4 m/s Cross-flow at
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(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

103



3

CO Concentration (%)

(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

o Far
o Mid
4 Near
A
b
1 4og
o
A o 0
| o
o
A ]
1 =]
o
OOOOOOOOGDQ
§onmB°  8,,%%0 .
-30 -20 -10 0 10 20 30

Normalized Radial LLocation, /D
Figure 3.31¢ Radial CO Concentration Profiles at 30% CFMFR

5
o Far
4 a Mid
—_ 4 Near
&
S 3
g 2t
S A
e 5
o 2 - a‘%
(&) ]
(o]
o ]
DO
1 B
A
o] ]
o] O 4 ©
O T 0 T m Z}& T Z%ﬂl"‘lﬂl )
-30 -20 -10 0 10 20 30

(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

Normalized Radial Location, r/D
Figure 3.31d Radial CO Concentration Profiles at 10% CFMFR

104



7 - o Far
2 o Mid
61 o 2 Near
é o K@Oo o0
c - o o
2 5 o o9 0 o
§ aflo
T 4
e 6 o
8 o Démmm@
o & A o
O 3- ¢ -]
o
(o) 4 8o
(8] o
2 - A o
[ 2 [
o P
1 O “
© A
. &
0 el : : :
-30 -20 -10 0 10 20 30

Normalized Radial Location, r/D

Figure 3.32a Radial CO, Concentration Profiles at 100% CFMFR
(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

8
7 o o Far
o o Mid
;\?6 . o © . a Near
3 A o °
ES . Lo o o g
-..‘_.—3 N4 Am[jj ] fu]
S4- A
c <o
& A
C3 B <
] A A A
o “oa N A,
§2 i oo AD no?
®u 5]
1 o
4o
O T i 1 T T
-30 -20 -10 0 10 20 30

Normalized Radial Location, r/D

Figure 3.32b Radial CO, Concentration Profiles at 60% CFMFR
(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

105



o Far
7 N
o Mid

6 - A Near

2 0§ %0
o
g5 0
g 4 o U
g4
e
A

8 3 i O n
o °
($) A o

2 < AT 4

& o
1 on
] o0
R
0 ! Sglﬁ 2 T AAA&J T
-30.00 -20.00 -10.00 0.00 10.00 20.00 30.00

Normalized Radial Location, r/D

Figure 3.32c¢ Radial CO, Concentration Profiles at 30% CFMFR
(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

7 o Far
o Mid
6 - s Near
9 o
S5 ©
< ° ?
c 4
§4 © .. o
o fu]
O 34 b4ap °
8 o 0
O [m]
2 o A
QE}A& o
1 - &S0
A
0 . I Y- ‘
-30 -20 -10 0 10 20 30

Normalized Radial Location, r/D)

Figure 3.32d Radial CO, Concentration Profiles at 10% CFMFR
(Far: 75%, Mid: 50%, Near: 25% Flame Height) (D: Burner Diameter)

106



02 Concentration (%)

02 Concentration (Vol. %)

25

o Far
20 - o Mid
AA
oL A A Near
oA A
15 - o o A A
Qo A
)
° S
]
10 1 © o8
2 A OB
o o oo
< )
o o4 <
5 4 A
AR .
° oa,_ "
o A%A R
-30 -20 -10 0 10 20 30

Normalized Radial Location, r/D
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Figure 3.40a Radial NO Concentration Profiles on X Axis at Three Locations at
100% CFMEFR at 2 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame
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Figure 3.40b Radial NO Concentration Profiles on X Axis at Three Locations at
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60% CFMFR at 3 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame

Length) (D: Burner Diameter)
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Figure 3.44d Radial NO Concentration Profiles on X Axis at Three Locations at
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Length) (D: Burner Diameter)
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Figure 3.45a Radial CO Concentration Profiles on X Axis at Three Locations at
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Figure 3.45b Radial CO Concentration Profiles on X Axis at Three Locations at

60% CFMEFR at 3 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame

Length) (D: Burner Diameter)
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Figure 3.45¢ Radial CO Concentration Profiles on X Axis at Three Locations at
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Figure 3.45d Radial CO Concentration Profiles on X Axis at Three Locations at

10% CFMEFR at 3 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame

Length) (D: Burner Diameter)
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Figure 3.46b Radial CO, Concentration Profiles on X Axis at Three Locations at
60% CFMFR at 3 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame

Length) (D: Burner Diameter)
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Figure 3.46d Radial CO, Concentration Profiles on X Axis at Three Locations at
10% CFMEFR at 3 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame
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Figure 3.47d Radial O, Concentration Profiles on X Axis at Three Locations at

10% CFMEFR at 3 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame

Length) (D: Burner Diameter)
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Figure 3.48a Radial NO Concentration Profiles on X Axis at Three Locations at
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Figure 3.49b Radial CO Concentration Profiles on X Axis at Three Locations at

60% CFMEFR at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame
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Figure 3.49d Radial CO Concentration Profiles on X Axis at Three Locations at
10% CFMEFR at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame
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Figure 3.50a Radial CO, Concentration Profiles on X Axis at Three Locations at

100% CFMFR at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame
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Figure 3.50b Radial CO, Concentration Profiles on X Axis at Three Locations at

60% CFMFR at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame

Length) (D: Burner Diameter)
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Figure 3.50c Radial CO, Concentration Profiles on X Axis at Three Locations at
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Figure 3.50d Radial CO, Concentration Profiles on X Axis at Three Locations at
10% CFMEFR at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame

Length) (D: Burner Diameter)
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Figure 3.51a Radial O, Concentration Profiles on X Axis at Three Locations at
CFMFR at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame Length)
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Figure 3.51b Radial O, Concentration Profiles on X Axis at Three Locations at
60% CFMER at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame
Length) (D: Burner Diameter)
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Figure 3.51c Radial O, Concentration Profiles on X Axis at Three Locations at
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Figure 3.51d Radial O, Concentration Profiles on X Axis at Three Locations at
10% CFMEFR at 4 m/s Cross-Flow. (Far: 75%, Mid: 50%, Near: 25% Flame
Length) (D: Burner Diameter)

139



35 © Nitrogen
’ ]
0 Argon
3 A CO2 o
© Helium 2
S 25 o ©
< 8 8
c
2 2 ) o
5 é
zu 15 - ”
g
1 e ©
2
0.5 @
0 & 8 . . "
0 0.005 0.01 0.015

Figure 3.52 Flame Radiation for Different Inert Gases at Smoke Point

0.35

0.3 4

Radiation Fraction, F
o
o

o
S

0.05 -

Figure 3.53 Flame Radiation Fraction for Different Inert Gases at Smoke Point

Fuel Mass Flow Rate (kg/min)

0.02

0.25

o
o
'

Fuel Mass Flow Rate (kg/min)

o
4 B
6 o &
o
e o “ 6 °
ES g & 8
1 o] g o]
& 8
o
< Nitrogen
R 0 Argon
£ CO2
< Helium
0 0.005 0.01 0.015

0.02

140



[}
o

70 X
<
<
< o O
60 - :
[ fu] [}
-— o Q
E 50 o , a
£ ° q P
'6 40 ~ o r o] ]
n o
) 0
Sy
E 304 o ¥ ¢ Nitrogen
L ° o Argon
20 - & CO2
0 Helium
10 - X 100%
O T 1 T ¥
0% 20% 40% 60% 80% 100%

Percentage of CMFR

Figure 3.54a Flame Height for Different Inert Gases at Smoke Point

35
30 - Xy
X A
X
25 X o
£ 8
Ko X é N
£ 20 - X ox A o ¢ o @
1= o ]
c , : o Y
e -~ X o U
o 15 § & @ § . 0 2.0mps
E g < o1 2.5mps
T
10 - a 3.0mps
= 3.5mps
5 - % 4.0mps
0 1 i T i 1
0% 20% 40% 60% 80% 100% 120%

Percentage of CFMFR

Figure 3.54b Flame Length for Different Cross-Flow Speed at Smoke Point

141



f— Ln, —’I

Lr

Burner

Flame
Height

W,

i
L,
Wy
v

Figure 3.55 Definitions of Flame Height in Quiescent Environment and
Flame Length and Width in Cross-Flow

142



Figure 3.56a 100% CFMFR Flame and Nitrogen Inert Gas Dilution Flames Images

Figure 3.56b Argon Inert Gas Dilution Flames Images
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Figure 3.56¢ Carbon Dioxide Inert Gas Dilution Flames Images

Figure 3.56d Helium Inert Gas Dilution Flames Images
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Figure 3.58 Flame Shape Comparison of Horizontal (at CFMFR and 4.02 m/s
Cross-Flow) and Vertical (at CFMFR and 4.0 m/s Cross-Flow) Cross-Flow Flame
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Figure 3.60a Z Velocity Profiles in X direction at 100% CFMFR at 2 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.60b Z Velocity Profiles in X direction at 60% CFMFR at 2 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.60c Z Velocity Profiles in X direction at 20% CFMFR at 2 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.60d Z Velocity Profiles in X direction at 10% CFMEFR at 2 m/s Cross-flow at
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Figure 3.61a Z Velocity Profiles in X direction at 100% CFMFR at 3 m/s Cross-flow at
Three Different Locations (Far 75%, Mid 50% and Near 25% of Flame Length)
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Figure 3.61b Z Velocity Profiles in X direction at 60% CFMFR at 3 m/s Cross-flow at
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Figure 3.61c Z Velocity Profiles in X direction at 20% CFMFR at 3 m/s Cross-flow at
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Figure 3.62b Z Velocity Profiles in X direction at 60% CFMFR at 4 m/s Cross-flow at
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Figure 3.62¢ Z Velocity Profiles in X direction at 30% CFMEFR at 4 m/s Cross-flow at
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Chapter 1V

Laser Induced Incandescence Measurement

Nomenclature

Cb,A

Jv

G,

Radius of particle

Specific heat of carbon, 1.90J g'1 K (Melton, 1984)

Speed of light

Laser irradiance

Blackbody spectral emission power

Soot volume fraction

Combination of spectral response function of the detector and its optics
Plank’s constant

Heat of vaporization, 7.78 X 10 J/mol (Melton, 1984)

Heat transfer coefficient, (air) 5.83 x 10°(T/273)*% W cm™ K™ (Melton,
1984)

Carbon molar mass, 12g/mol

Blackbody spectral radiant existence

Mass

Number density of aggregates

Total number density

Number of primary particles per aggregate

Probability density for a particle with radius a

Response function

Initial temperature
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At

Temperature of the surrounding gases
Time

Temporal duration

Greek symbols:

£

Erp

AL

nabs

dp

Mean emission coefficient

Spectral emissivity

Stefan-Boltzmann constant

Density

Solid carbon density, 2.26 g cm’! (Melton, 1984)
Vapor density

Fresnel reflectivity for spherical particle
Center of bandwidth

Excitation wavelength

Bandwidth

Absorption efficiency

Collection solid angle of the detector
Absorption length parameter

Bulk absorption depth
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4.1 Literature Survey on Laser Induced Incandescence (LII)

In the past, the incandescence signal was only considered as interference
in pulse laser diagnostics (Eckbreth, 1996). However, recently, LII method has been
studied by many researchers because of its simplicity and accuracy in facilitating soot
concentration and size measurement. Most recent studies are listed in Table 4.1. Eckbreth
(1996) started the pioneering studies of LII optical signal using Raman scattering
diagnostics in flame. Melton (1984) developed a theoretical model to predict the behavior
of LII. The model is described in the following section. Since then, many experimental
and theoretical works have been carried out to understand this non-intrusive and simple

method to measure in-flame soot concentration and particle size.

4.1.1 Introduction

According to Plank’s law, an object that is heated up above 900 K emits visible
radiation. Hence, if an object is heated to a temperature above 3000 K, all visible
wavelengths are emitted with enough intensity that the object appears white-hot. The
intensity of the electromagnetic radiation increases with the temperature of the object.
The peak intensity falls more toward the shorter wavelengths. When a pulse of laser
beam fires through the flame and it further heats up the soot far above the flame
temperature, the soot particle will eventually incandesce in a broadband radiation, which
is very intense in the visible spectrum.

Laser induced incandescence (LII) applies the mechanism of the heating of soot
particles to a temperature above the surrounding gas temperature due to the absorption of

laser energy, and the subsequent detection of the blackbody radiation (incandescence)
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which corresponds to the elevated soot particle temperature. The spectrum of the emitted
incandescence is broadband and is a strong function of the soot particle temperature.

The mechanism starts when a laser pulse as an energy source heats up a particle
rapidly. This laser pulse represents an energy source in the energy balance equation. The
soot particle absorbs the laser energy and causes the soot temperature to rise rapidly. The
temperature of the soot particle is determined by taking into account the rate of laser
energy absorption, soot vaporization, conductive heat transfer to the surrounding gas, and
radiative heat loss through blackbody radiation. The heat sink terms in this phase are the
conductive and radiative heat losses to the surrounding gas, and they are very small
compared to the laser energy absorption rate. Subsequent to the laser pulse, the
temperature gradually decreases due to conductive and radiative heat losses to the
surrounding. The LII intensity or the blackbody radiation of a soot particle due to the
laser heating has a dependence on the soot particle temperature, detection wavelength,
and the laser fluence. LII emitted from a heated soot particle is fourth order dependent on
the particle temperature. (Melton, 1984)

Vander Wal et al. (1999) verified a LII method by using transmission electron
microscopy (TEM). Soot was sampled thermophoretically through analysis of TEM
micrographs. TEM is an intrusive and time-intensive process (Vander Wal et al., 1999).
The prediction of the soot particle was based on the temporal decay rate of the LII signal
compared with TEM measurements. The conclusion was that LII could be used to
predict the size of primary soot particles under certain conditions. There are two factors
that can influence the signal. One is the flame temperature, because of its influence on the

cooling rate of the particle and thus on the LII signal. The second factor is the cluster-
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cluster aggregation. An aggregated structure could decrease the rate of cooling of
individual primary particles through self-absorption of emitted thermal radiation and
inhibition of conductive and convective cooling to the environment (Vander Wal et al.,
1999).

Randy et al. (1995) did a study on the effects of laser heating on soot particles. It
would be expected that the heating by the laser would remove the surface material of the
soot, but their results showed that the soot particle appeared shell-like with a hollow
structure or a porous material in the inner core. Their explanation was that the interior of
the particle originated from the aggregation of polycyclic aromatic hydrocarbons (PAH),
so it may contain a higher H/C ratio than the outer surface, which forms via an addition
of C, fragments. This makes the outer layers resistant to laser ablation. Therefore,
suitable laser heating may not alter the dimensions of the soot particle or the soot volume
fraction.

To facilitate further discussion of the experimental techniques, the theoretical
model that explains the heat transfer process of the soot particle by laser heating is
provided. Some literature has developed the model to simulate the influence of different
factors that have an effect on the LII signal, the soot concentration and the soot primary
particle size. Though the LII signal is linearly proportional to the soot concentration, soot
size, laser fluence or irradiance, laser and detection wavelength, and detection gate can

influence the accuracy of the measurement.
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4.1.2 Theoretical development

This section is the literature survey of some theoretical models that the literature
has used to describe the LII process. The basic equation used is the energy balance of the
soot particle during the laser heating. Although these models were not used in the current
study, it is a good reference for understanding the soot heating process and the important
factors that can influence the LII signal.

With the assumption of the soot particles as spherical in shape with a radius of a,

the conservation of energy equation is

3

dr _
" dt

0

AH 4ma
N (@7’ E, — k(T —T_ YAma® + MV ‘;—’? —E(T)o (T —THam’* - p.C

[4.1.1]

The first term is the laser energy absorbed per second (absorption efficiency,?,, (a);

irradiance, E;) the second term is the conductive heat transfer to the surrounding medium
(heat transfer coefficient, x; temperature of the surrounding gases, T.) followed by

energy expended in vaporization of the soot particle (heat of vaporization, AH, ; carbon
molar mass, M; loss rate of mass, d_m ). The fourth term is the blackbody or thermal

radiation (mean emission coefficient, £(T'); Stefan-Boltzmann constant, o) and

finally the rate of internal energy rise (density, p; specific heat of carbon, Cs). The
constants in the above equation are also presented in Nomenclature (Melton, 1984;
Schraml et al., 2000).

The continuity equation is written as
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da
—p —=pU 4.1.2
pC dt pV v [ ]

m= —;lzrpcaS [4.1.3]

Where p; is the solid carbon density, and py is the vapor density,

%
PM

p, = ~and U, = KT (Eckbreth, 1977) [4.1.4]
RT 2M

v

Where P is the vapor pressure of carbon, M, is the molecular weight of vapor as 36 g/mol
(Melton, 1984) and R is the gas constant.

By substituting the continuity equation and on simplification, the energy equation
become
AH _ 4 T
N (@E, ~k(T -T_)+ MV dpU, —4E(T)0o g, (T* —TH) - ngCS ‘;—t =0 [4.1.5]

1., can be calculated using the results of Carter et al. (1965) in the ultraviolet region and

the results of Lee and Tien (1981) in the visible region.

But the analytical approximation of 77,, for a <6 (Melton, 1984)

abs

N, =ald
1 _2(27) 12n87'(1) [4.1.6]
6 4 anzjz—(nz—jz—Z)2

B(m) is the Fresnel reflectivity for a spherical particle, and [ = n - ij is the complex index

of reflection. Here & may be considered as an absorption length parameter in which the

A
202m)j

bulk absorption depth is §, = [4.1.7]
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dT i
In the limit of high laser power and maximum temperature (7 =0), where the radiation
t

and the heat transfer to the surrounding medium terms become insignificant, and the

energy equation becomes

AH
Na (DE; +—=4p,U, =0 [4.1.8]
- M

For a<¢d
a% _1.22x10°T% exp[23.9(1 - 3—9T1-§H ~0 (Melton, 1984) [4.1.9]
or

E,
LIS U RN S (Melton, 1984) [4.1.10]
T 3915| 239 | &

The incandescence or the signal obtained from a distribution of particles according to

Melton (1984) is

S(tE, A, A

em ?

AA)da [4.1.11]

em?

AL = [N, p(@R(@,1,E;, A 4
0

where R, is the response function as the incremental incandescent radiation received at
time ¢ in a bandwidth AA centered at A, for excitation of a particle of radius a at
wavelength A, with triangular laser pulse of peak intensity E; and 10-nsec FWHM. p(a)
is the normalized probability density for a particle with radius a, and N, is the total

number density.

A

em?

With the known values of ¢,E;, 4

ex?

AA from the experimental parameter and detected

values, the detected signal at the moment of maximum temperature can be calculated to

give
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S o« N,a* [4.1.12]
where x =3+154nm/ A4, [4.1.13]

or it can be written as

S=C/,N,a"* [4.1.14]
Where C; is the calibration constant, which can be obtained by calibrating the optical
system on flames with a known volume fraction or by a data point acquired by an
independent technique.

Mewes and Seitzman (1997) introduced two simplifications on their model for
relation of soot size with the LII signal. First, the soot volume fraction can be described
by three parameters, a, the radius of the particle, n,, the number of primary particles per
aggregate, and N is the number density of aggregates in the measurement volume. Hence,

the soot volume fraction is defined as
f, =—Nn,d’ [4.1.15]

Second, the model of the LII measurement process was based on an energy balance for a

single primary particle, rather than the soot aggregate.
2, 27
ST,.T, E At ,A,)="r2a) ><-4—— J‘G,1 (A€ ,la®le, ;[T (1dA [4.1.16]
7[ —o0

Ay, is the temporal duration. € is the collection solid angle of the detector and Gy is the
combination of spectral response function of the detector and its optics, nominally
centered at detection wave length, Aepn. erpla(t)], spectral emissivity is a function of
particle size and emission wavelength and it is equal to particle spectral absorptivity

(Hofeldt, 1993). Blackbody spectral emission power, epa[T(t)] is a function of particle
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temperature. The particle initial temperature T,, in the model is assumed to have the same
temperature as the local gas temperature, T... In practical situation, the soot particle
temperature should be higher than the surrounding gas temperature because of chemical
reaction on the particle. The higher particle temperature will slightly reduce the amount
of energy required to vaporize thek soot. But Mewes and Seitzman (1997) showed that
effect did not significantly affect the results.

On the other hand, after the peak temperature, the thermal radiation term becomes

significant. Schraml et al. (2000) expressed the thermal radiation term as,
47a’ [e(a, AM (T, A)dA [4.1.17]

instead of

E(T)o g, (T* =T, )4m® (Melton, 1984, Schraml et al., 2000), which was described

previously. The emission coefficient, €(a,A) is a function of the particle radius, a and

wavelength A.

gla,A)= 2Tm E(l) where

E()=—-Im -1 [4.1.18]
a 12 +2 o

The blackbody spectral radiant existence be(T, A) is
: 1
€x ﬂj -1
PLakT

The energy equation shows that the particle cooling is essentially governed by the

[4.1.19]

M} =¢g(a,A) 2”26

temperature gradient between the surrounding gas, T.. and particles, T. Hence, an

accurate local gas temperature has to be included in the model calculation to provide an
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accurate size measurement. Schraml et al. (2000) suggested the assumption of thermal
equilibrium between the soot particles and the surrounding gas, and soot particle
temperature before laser heating can be calculated by applying a simple inversion
algorithm fér axisymmetric flame. Although the soot surface temperature is higher than
the surrounding gas due to chemical reaction at the surface, the temperature difference in
most cases is small. Many researchers have observed this phenomenon by comparison of
soot emission data to coherent anti-Stokes Raman spectroscopy (CARS) thermometry
data (Hall and Bonczyk, 1990) or rapid insertion of thermocouples (De Iulilis et al.,
1998).

To sum up the findings of the theoretical model, the vaporization term is more

significant in affecting the LII signal in the initial part of the heating process than in other
C . ar

terms. However, after the soot particle is heated up to a maximum temperature—d— =0
t

and the soot temperature starts to decrease, the heat loss due to thermal radiation and
conduction becomes significant. Thus, the involvement of these two heat transfer terms
causes the particle size to become very significant in influencing the LII signal. Heat
conduction dominates the cooling mechanism after the laser decays. The conduction
cooling is very sensitive to the particle diameter and local gas temperature. In the
measurement of the soot concentration, the influence of the particle size always has to be
avoided. Different soot particle with different dimensions cools at different rates. The
larger soot particle cools faster than the smaller. Thus, the LII signal will be biased
toward larger soot size if other heat transfer terms are involved. In the following section,
there will be a more detailed description about choosing the proper gate size to avoid the

influence of particle size and local gas temperature.
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4.2 Experimental Techniques

In the past, the commonly used method for soot volume fraction measurement is
the laser scattering/extinction method. The author found that this method works well for
laminar flame and low turbulence flame. However, for a highly turbulent flame like
TDEFCEF, the error margin is unsatisfactory. Furthermore, this method has low sensitivity
to particle shape and particle composition. The second reason is the use of an ICCD
camera to capture the LII signal making the measurement more efficient than current
laser scattering/extinction method. With a camera, one-dimensional or two-dimensional
data can be measured at one time. On the other hand, the scattering/extinction method is a
point measurement, which is a very labor intensive process.

The important factors that can influence the LII signal are the laser fluence and
the pulse width, the detection gate width and the timing, the detection wavelength, and
laser wavelength. The calibration method is also very important in correlating the soot

concentration and the LII signal.

4.2.1 Laser Fluence or Irradiance

There are two different ways that the literature defined the laser power used in
generating the LII signal. Shaddix and Smyth (1996) claimed that the laser fluence
(J/em®) is more accurate because it is the energy term that couples to the soot particle and
not the power. For a short pulse laser (in nanoseconds), the energy conduction within the
soot particle is over an order of magnitude faster than the laser pulse width. Once the

particle is heated near or at its vaporization point during the laser pulse, the heat loss is
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dominated by the vaporization rather than through conduction or radiation. On the other
hand, Will et al. (1998) claimed that if longer laser pulse is used, the condition can be
complicated because pulse lengths become similar with the time scale of the heat transfer
process. Thus, irradiance (W/cm®) provides a better picture for long pulse laser because
the temporal behavior of the energy is important. In fact, for short pulse laser, the
temporal behavior is also important because of the short temporal behavior of the
vaporization term. For this study, the pulse width is 8 ns. Thus, the unit use is laser
fluence. Anyway, both values can be easily calculated with the known pulse width laser
power and beam size.

The LII signal is almost linearly dependent on the laser fluence at a low value of
laser fluence. Then, the signal is relatively independent of the laser energy at the plateau
region, which is around 0.2 J/cm?® to 0.4 J/ cm®. Hence, the soot particle distribution has
weak dependence on the laser fluence once this threshold has been reached. However, at
a higher laser fluence, the LII signal decreases. For a laser fluence greater than 0.5 Jem?,
the peak LII signal intensity begins to decrease but the temporal decay rate of the signal
continues to increase (Ni et al., 1995; Vander Wal and Jensen, 1998). Dasch (1984), Ni et
al. (1995), Witze et al. (2001) also found the plateau laser fluence to be 0.2 Jiem®. In
Table 4.1, many studies used the laser fluence around 0.2 J/em? to 0.5 J/em?. However,
Shaddix and Smyth (1996) determine that the threshold value for laser fluence should be

0.03 J/em?. Ni et al. (1995) determined that the minimum threshold fluence to generate a

traceable LII signal is 0.06 J/cm®. Optimum laser fluence should be applied to avoid too

much saturation due to decrease of mean volume caused by high energy laser excessive
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vaporization, and to avoid too much attenuation of incident laser across that flame due to
lower laser fluence.

In the Mewes and Seitzman (1997) theoretical and experimental study, they found
that the soot volume fraction measurements with low overall error required high laser
intensity. High laser intensity reduced the sensitivity to the variation of soot temperature
because all the soot is almost evenly heated to the vaporization point (3915 K
vaporization temperature for graphite (Leider et al., 1973)).

In the current study, the highest LII signal was produced by a laser fluence around
0.37 J/cmz, which is within the range of values in most of the literature. The variation of
laser fluence with relative LII signal is shown in Figure 4.1. The beam size for this study
was 1 mm diameter. The beam size was measured through making a laser burn on
Polaroid photo paper. From the burn pattern, the Gaussian profile of the laser was also
observed. To avoid camera signal saturation by a high LII signal in a high soot
concentration region, a lower fluence than the plateau was used. The laser fluence for all

the LII measurement was 0.34 J/cm®.

4.2.2 Detection Gate and Timing

During a laser-heating event, the LII signal rises and reaches a maximum and then
decays to a lower value. The rise and decay rate also depends on the laser fluence (Ni et
al. 1995). At a high laser fluence (around 0.2 J/ecm?), the LII signal rises rapidly to a
maximum (15 to 30 ns) and then decays at a slower rate. A faint LII signal is traceable

even after 500 ns.
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The temporal variation of the LII signal results because of the nature of the rise
and decay of the signal. The decay of the signal reflects the cooling of the soot particles
via conduction and convection heat transfer. Hence, it is very critical on the gate that the
signal is captured. As mentioned in the above section (Literature Review — Theoretical
Development), different cooling mechanisms play a significant role at different temporal
locations. The initial part of the signal (around O to 30ns) is mostly due to the
vaporization. Soon after that, the conduction and the radiation dominate the heat loss
process. From the numerical calculation with the model mentioned above by Melton
(1984), the comparison of the relative magnitude through various heat loss for a soot
particle is shown in Figure 4.2 (Will et al., 1998).

There were three temporal methods in measuring the LII signal available in the
literature. Prompt gate is taking a time average signal of a short duration (normally 25 ns
to 50 ns gate width) gate; beginning from 0 s. Zero second is where the laser beam just
starts penetrating into the flame. The second method is delayed gate method, which skips
a short duration of the initial part of the signal (normally 25 ns to 50 ns) and time average
the rest of the signal with a certain gate width. The third method is overall gate, which is
basically the same as prompt gate method except it applies a long gate width (example,
500ns).

The prompt gate gives the lowest error (Mewes and Seitzman, 1997). It is the
least biased (to soot dimension) because the dominant heat transfer term during and
promptly after the laser pulse vaporization. Vaporization heat transfer term is not size

dependent.
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The advantage of using delayed gate was that it avoided the LIF signal of some
species like C, and PAH. However, the delayed gate gives the greatest error because it is
strongly influenced by the heat conduction from the particle to the surrounding gas. In the
theory section, the conduction term in the energy equation shows its sensitivity to the
particle diameter and local gas temperature.

The error for the overall gate is in between the prompt and delayed gate. It has the
advantage of prompt gate, but on the other hand it also suffers the same setback by the
conduction dependent LII decay.

Thus, to achieve highest accuracy results, a prompt LII signal was used in the
study. Prompt gates of duration from 20ns to 50ns were attempted with the known results
in order to search for the most appropriate gate that would give the best representation. A
30 ns gate was selected because it captured most of the rise period during the laser
heating and it also avoided the influence of size dependent heat loss path because heat

transfer through vaporization is more important in this period (observe Figure 4.2).
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4.2.3 Laser and Detection Wavelength

The soot absorption constant at a wavelength of 1064 nm is half that at 532 nm.
The scaling factor of the absorption constant to the laser wavelength is about 1/A (Habib
and Vervisch, 1988). The laser with 532 nm and 1064 nm were the commonly used
sources in LII study. In fact, 1064 nm is preferable because it is least likely to result in
photochemical interference (Vander Wal, 1996). A 532 nm laser has the potential to
produce C, in the vaporization process (Weiner, 1999)

The LII signal is of broadband distribution of incandescence and also LIF. At the
vaporization temperature (3915K) or higher, the soot particles emit LII spectrum with a
maximum at the visible wavelength and extend from the near infra-red region to the near
ultraviolet. However, the interference of some other species may contaminate the LII
signal especially at the peak LII signal region (wavelength). The LIF signal from C, swan
band extends from = 420 to 620 nm and it peaks at 516.5 nm. A short-pass dielectric
431nm filter was used for this study. Although it is in the C, swan band, the interference
is small because it is at the minimum starting edge of the band. Most of the literature used
a detection wavelength around 400 nm to 450nm. (Table 4.1)

The error caused by the size can be reduced if a longer detection wavelength is
used. This is because at longer wavelength the emissivity variation between different
particle diameters is small. Furthermore, different size particles have different

temperatures; as a result they also have different blackbody term e, , (') Mewes and

Seitzman, 1997).
Quay et al. (1994) used a laser probe of 1064 nm wavelength to produce LII

signal. They found no significant difference of LII signal for wavelength of 500- and
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700-nm because of the continuous nature of the LII spectrum in the visible wavelength.
Although LII signal has a continuous spectrum in visible wavelength range, the
interference from light scattering and PAH fluorescence will be expected near
wavelength of 532 nm and above. Hence, the detection wavelength must be lower than
532 nm. Quay et. al (1994) used detection wavelength of LII signal at 400 nm.

In this study, 1064 nm laser generated from a Nd:YAG laser was used as the laser

source. A 431 narrow band filter was installed prior to the ICCD camera.

4.2.4 Calibration Method

In order to know the relation of the LII signal to soot volume fraction, calibration
was carried out with another independent method. Table 4.1 shows the different methods
that were used for calibration of LII signal to soot volume fraction. They were extinction
method, cavity ring down (Vander Wal, 1998), gravimetric (Vander Wal et al., 1996),
soot generator (Jenkins et al., 2002) and TEM (Vander Wal and Jensen, 1998). Most

studies refer to extinction method for calibration.

4.3 Experimental Setup

The schematic diagram of the experimental setup is shown in Figure 4.3 for
quiescent condition and in Figure 4.4 for cross-flow condition. The Gaussian profile 1064
nm laser with pulse width of 8ns was generated by a Continuum NY 60B Nd:YAG laser
which was operating under Q-switch condition. The specification of pulse width at
FWHM was 8 to 9 ns. The laser beam was split by a 70%-30% beam splitter. The split

signal was used for monitoring laser power variation. The laser power was measured by a
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thermopile volume absorber detector (PHIR, model 30(150)A) with a digital power meter
(NOVA, LaserStar series). Two 1064 nm mirrors mounted on the traverse mechanism
were used to direct the beam into the flame. The traverse mechanism was able to move in
two dimensions. A high power-focusing lens was used to focus the beam to a size close
to 1 mm diameter at FWHM.

The detection setup was perpendicular to the beam path. Two pairs of lenses were
used to zoom and to focus the image on to the ICCD (intensify charge couple device)
camera. A 431 nm narrow band pass filter was installed prior to the ICCD camera to filter
out other radiation. A Princeton Instrument ICCD-576E ICCD camera with an array size
of 576 x 384 pixel was used to capture the image. A Princeton Instrument ST-138 High
Performance camera controller controlled the camera operations, like data transfer and
cooling operation. A Princeton Instrument PG-200 programmable camera gate and
trigger was used to control the camera gate width, the delay duration and triggering. The
ICCD camera was synchronized with the laser pulse. The trigger signal from the Stanford
Research Instrument pulse generator was sent to the Nd:YAG laser and PG-200. The 10
Hz signals sent from the pulse generator were saturating the camera operation for full
array imaging. As a result, to avoid the camera data saturation, and to speed up the
camera data transfer, signal binning was applied. It was a reasonable approach because
for the entire array, only the region of a line of LII signal was useful. Signal binning
option allowed the camera to capture images at 10 Hz rate and it also allowed binning of
the signal for the whole beam width (Imm). Since the laser and the camera were
triggered at the same time, a delay was needed to take into account the time that was

needed for the laser operation (the lamp, the Q-switch and delay between the two) and
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electronic delay. The chronograph of the timing is shown in Figure 4.5. The period for
the lamp flashing was 10 us. A period of delay was needed between lamp flashing and Q-
switching. The length of the delay determined the laser power output. The sum of total
laser operation length and the electronic delay was the delay imposed on the camera in
order to capture the image specifically from the point the laser entered the flame to the
point the gate close. The image data was sent to an image acquisition installed in a PC.
The image was processed with a Princeton Instrument WinView or WinSpec imaging

software. All the LII results presented were the average of 500 sets of data.

4.3.1 Calibration

Shaddix and Smyth (1996) used the laser-extinction method to calibrate LII
signal. Their LII results were closely related to the soot concentration measured using the
extinction method. Hence, in current study, the propane flame experiment of Shaddix and
Smyth (1996) was repeated to calibrate the LII signal with their soot concentration
profiles. The burner diameter for this experiment was 1.1 cm ID and surrounded by a
10.2 cm ID air annulus. The propane fuel velocity was 2.6 cm/s (2.57 cm’/s) and the co-
flow air velocity was 8.66 cm/s (694 cm’/s). The propane calibration flame image is
shown in Figure 4.8. The calibration was performed at 40mm height above burner

(HAB). The result of the calibration is shown in Figure 4.9. The peak concentration point
was used as the calibration point. The constant C in £, = CS, found from the calibration

was 2.8 x 10°1° intensity/soot volume fraction. The unit of intensity is the measured LII
signal intensity from the ICCD camera. The comparison shows that both results are

almost identical except for the region very close to the center of the burner. The current
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study results are slightly lower than Shaddix and Smyth (1996) data, but most of them are

within the experimental uncertainty (error bar in Figure 4.9).

4.3.2 Signal Correction

Before soot concentration can be quantified from the signal and calibration
constant, the LII signal trapping due to its extinction by the soot field in the flame
between the laser beam and the detector has to be taken into account. The signal
correction method proposed by Choi and Jensen (1998) and Bryce et al. (2000) was
applied to correct the signal loss due to the attenuation along the path through the flame.
The correction method basically is accomplished through a tomographic correction
procedure. The Bryce et al. (2000) method not only performs LII signal trapping
correction, but also calibrates the soot volume fraction by a single laser extinction
measurement in the same path as the laser beam.

Figure 4.6 shows the simulated geometry used in the tomographic correction and
the parameters used in the calculation. The correction was performed on half of the
geometry because the domain was symmetrical. The signal S, was stored in each pixel n
for N total pixel. The principle of the correcting procedure was based on onion peeling or
Abel inversion technique. The procedure of the correction started from the outer most
ring and then applied the obtained value to correct the next ring. This procedure
continued to the center.

The soot volume fraction of pixel n of a corrected signal, S , is defined as

f,=CS, [4.2.1]

n
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where C is the calibrated constant wanted. The signal from the centerline travel though a
ring m needs to be increased by an exponential factor to accommodate the Beer-Lambert

absorption along a length, L, ,,

S = S exr{f,,, %Lm) [4.2.2]
Where the dimension is determined by geometry:

L, =0-a)"-L [4.2.3]
When m=n, L =0

Else, L =(r2, —a?)" [4.2.4]
Where a, is the adjacent distance, r, is the radial distance and R, is the scaling of width
per pixel. The geometry used is shown in Figure 4.3.

a,=R (N-n) and r,=R[N-n+1/2] [4.2.5]

Since these dimensions are fixed in space and are not affected by the signal, these
dimensional calculations are not included in the iterative process in the program (refer to

the flow chart, Figure 4.7).

In this experiment the detection wavelength, A is 431 nm, and this is substituted into the

dimensionless soot extinction constant, K.

36
Ky =il [4.2.6]
(771+Kﬂ+2) +4n;x;

Where 13 is the real part and ) is the imaginary part of the refractive index, the
commonly used values are 1M)=1.58 and x3=0.58 for detection wavelength around 400
nm. For extinction calculation, He-Ne laser with wavelength of 633 nm, 1,=1.80 and

K3,=0.58 (Chang and Charalampopoulos, 1990).
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Substituting equation 4.2.1 into 4.2.2, for left half circle (LHC)

' ! Ktra C =l '
S =S, exP[ }:) ZS’”L"”"] [4.27a]

and right half circle (RHC)

' ' KtrapC s '
SZN—rL = SZN—n eXp ﬂ« SZN—an,m [427b]

m=n

I K Cd& .
— =exp —2— ) § 42.8
(10 Jpre p( ﬂ, Z nj [ ]

n=1

K. is the dimensionless soot extinct coefficient for He-Ne and K, is the extinct
coefficient for the detected trapped signal. The unknown values of S’ on the left hand
side (LHS) of equation 4.2.7a and S’y., of equation 4.2.7b have to be determined
iteratively. First, S, is substituted for §’,, and S’2y.,, into Equation 4.2.7a and b for the first
round of iteration. Then, after the first iteration, §’, and S .y, on the right hand side
(RHS) were reconstituted into the S, and S’2y., LHS of the equations. The calculation of
equation 4.27 a and b continues until the difference of the old and new values is less than
the convergence criterion.

Calibration constant C (equation 4.2.1) is iterated through the comparison of the
predicted and the measured extinction value. Equation 4.2.8 is the prediction of the
extinction across the flame, and it was calculated after the convergence of all values of
S’». This predicted extinction value, (I/I,)pe 1S compared with the measured extinction
value, (I/I)msr. The iteration process for the C begins with a guess value. The first guess
value can be calculated from the known soot concentration data (Shaddix and Symth,
1996) and the measured signal. The iteration process of C proceeds until the difference of

(I/1,)pre (equation 4.2.8) and (I/1,)ms: 1 less than the convergence criterion.
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The FORTRAN code for the signal correction is presented in the Appendix 1. The
experimental setup was basically the same as in the LII measurement, except a He-Ne
laser was used for extinction measurement, and the schematic of the experimental setup is
shown in Figure 4.3.

Figures 4.9 and 4.10 show the results for the corrected value and the original data.
The difference between the corrected and uncorrected results is small. Figure 4.11 shows
the difference in percentage for Figure 4.10 (result from 100% CFMFR at 30cm HAB
[height above burner]). The maximum difference is around 3.38%, which is smaller than
the uncertainty of the results, 7.9%. The difference after the correction is still within the
experimental uncertainty, so it is insignificant. As a result, all the soot concentration
results were not corrected.

The experimental uncertainty for the soot concentration measurement was
calculated from the peak LII signal reading of the 50% flame length of the 60% CFMFR
flame at 3 m/s cross-flow result, and it is about +/- 0.02 ppm or +/- 5.2 % of the average

value (0.393 ppm).

4.4 Results and Discussion

4.4.1 Quiescent Condition

Figure 4.13 is the 2D axial tomographic view of the soot concentration results for
100%, 60%, 30% and 10% CEFMFR. The results were collected with one cm step size
along the flame axis. At lower flame location, the data were collected for the whole flame

width. For flame heights above 20cm, only half of the flame of 100%, 60% and 30%
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CEMEFR data were collected because the flame widths were out of the range of the CCD
array.

The results show that soot concentrations were highest at around 50-60% of the
flame height for the 100%, 60%, and 30% CFMER flame, but for the 10% CFMFR
flame, it is located around 80% of the flame height (Figure 3.54). Although the 100%
CEMFR flame has higher carbon content, the 60% CFMFR flame has higher soot
concentration than the 100% CFMEFR flame in this high soot concentration region (or
soot growth zone). The length for this high soot concentration region or the soot growth
zone of 60% CFMFR (~6cm) flame was longer than in the 100% CFMFR (~2 to 3cm)
flame. The longer length shows that the residence time for soot growth was longer for
60% CFMFR flame. Longer soot growth residence time caused more soot formation. For
that reason, 60% CFMFR flame had higher soot concentration than 100% CFMFR flame.
Higher turbulence intensity of 100% CFMFR flame may increase the oxidation rate of
small soot particles before they enter the soot growth zone. Consequently, there was less
soot in the soot growth region for 100% CFMFR flame that at 60%. Furthermore, the
soot oxidation zone (which is after the soot growth zone) for 60% CFMFR flame was
shorter than in the 100% CFMEFR flame. The 60% CFMFR flame appeared shorter
because it had less initial momentum than the 100% CFMFR flame (compare the jet exit
Reynolds number in Figure 3.14). This meant that the 60% CFMFR flame had less time
to burn-off the soot particles that came out from the soot growth zone. From these two
observations, it is apparent that momentum effect was dominating the soot formation and

burn-off process for these two flames.
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The higher in-flame soot concentration increased the radiative heat loss. The
100% and 60% CFMFR flame temperature results in Figure 3.24a and b show that the
temperature level in 100% CFMFR flame was overall higher than in the 60% CFMFR
flame. On the other hand, although the 30% CFMFR flame has a higher fuel flow rate
than the 10% CFMEFR flame, the higher soot concentration, which caused higher radiative
heat loss in the 30% CFMFR flame, may have off-set the flame temperature raise. For
that reason, both 30% and 10% CFMFR flame temperatures were similar in magnitude.

For 30% and 10% CFMFR flame conditions, the observation is opposite that
shown in 100% and 60% CFMFR flames. 10% CFMER flame appeared to have less soot
concentration than 30% CFMFR flame. The length of the soot growth zone (soot
concentration ~1.8 to 2.0 ppm) for 30% CEMFR flame was approximately 6 cm, and for
10% CFMFR flame was 2 cm. On the other hand, the region of soot concentration of 0.8
to 1.2 ppm or the soot oxidation zone for 10% CFMFR flame was longer than that in the
30% CEFMFR flame. This observation is also contrary to that observed in 100% and 60%
CFMFR flame behavior. Apparently, the reduction of mixing rate from the 30% to 10%
CFMFR caused the increase of the residence time for soot oxidation. Furthermore, the
30% CFMER flame has higher carbon content than the 10% CFMFR. Higher fuel content
or C/O in the flame increases the production of radicals and PAH, which are the essential
species for soot formation. Compared with 100% and 60% CFMFR flames, the low
mixing rate caused the soot particles to continue to agglomerate and react with other PAH
in the soot inception zone (before the soot growth zone) and increased the residence time
for soot formation. Also, the higher in-flame soot concentration of the 60% CFMFR

flame has caused a higher heat loss through soot radiation. The phenomenon is evident
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from the temperature results in Figure 3.24b, where the 60% CFMEFR flame has a lower
temperature compared with the 100% CFMEFR flame (Figure 3.24a).

From the above observation, the soot formation and oxidation are not only
determined by the local temperature, but also by the local effective C/O ratio, the local
hydrocarbon concentrations, and the residence time of the particle, both in the soot

forming the region and oxidation region (Wagner, 1978).

4.4.2 Cross-Flow Condition

Figure 4.14s to 16 (a to d) show the tomographic plot of soot concentration on the
x-y plane at three locations. Figure 4.12 shows the locations where the measurements
were taken. The laser was fired in x direction and it was traversed in y direction with a
step size of 1 or 2 mm (depending on the flame size) to cover half of the flame x-y plane
cross section. All these figures are mirrored images at y=0. Figure 4.17 to 19 (a to d)

show the relative PLII (Planer Laser Induced Incandescence) signal on the x-z plane.

X-Y Plane Results

Most x-y plane tomographic plots of the soot concentration show a kidney shape;
which is in agreement with the previous study (Gollahalli et al., 1975). This kidney shape
was caused by the CVP (counter rotating vortex pair), which was extensively discussed in
Chapter III. Figure 4.14 and 15, a and b (10% and 20% CFMFR) at 25% and 50% of
flame length, show high soot concentration at the center of each wing. Figure 3.32 shows
that fuel jet and the cross-flow cause the rolling and folding that leads to the CVP. Hence,

higher air entrainment was at the center of the flame on y=0, where air entered from the —
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x direction through the rolling and folding process. Due to low oxidizers (both OH and
O,) concentration in the wings, the soot particles formed and grew in that region. In these
two figures (4.14 and 4.15), the 2 m/s cross-flow flames have higher soot than the 3 m/s
flame. The higher cross-flow velocity of the 3 m/s increased the air entrainment (through
CVP and other means) and subsequently increased the soot oxidation rate.

Although the 4 m/s cross-flow results in Figure 4.16, a and b, show that the
kidney structures are still vaguely present, the points of the highest soot concentration are
not located inside the wings. The reason is that the flames at 4 m/s cross-flow have
changed their structure to co-flow-like flame. This change of the flame structure has also
been observed in the previous cross-flow flame study (Goh, 1999). In Figure 4.14a, the
highest soot concentration is located at the center of the flame instead of in the wings.
This is very similar to the quiescent condition flames (Figure 4.13). Furthermore, the soot
concentration of the 4 m/s cross-flow, 10% CFMFR flame was higher compared to soot
concentration in the 2 and 3 m/s cross-flow flames. Especially at 50% and 75% of the
flame length, the soot concentration in 4 m/s cross-flow flame was 1.5 to 3 times higher
than in the 2 and 3 m/s cross-flow flames. The non-monotonic soot concentration versus
the cross-flow speed relation was also observed in Goh’s (1999) study. This non-
monotonic relation was mainly caused by the transformation of flame structure, which
was discussed in Chapter 3, section 3.3.5.

The soot concentration results of 10% CFMFR flames (Figure 4.14a, 4.15a, and
4.16a) show the highest soot concentration was located at around 50% flame length for 2
m/s cross-flow results; at 3 m/s cross-flow condition, the highest soot concentration was

located at around 50% and 75% of the flame length; at 4m/s cross-flow condition, the
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highest soot concentration was located at around 75% of the flame length. The 20%
CFMFR, 2 m/s and 3 m/s cross-flow flames, have the highest soot concentration located
at around 50% of the flame length, but at 4 m/s cross-flow, the highest soot concentration
was located at around 75% of the flame length. At 4 m/s cross-flow, all the percentages
of CFMFR conditions have the highest soot concentration located at or close to 75% of
the flame length. The change of flame structure due to the increase of the cross-flow
velocity has increased the flame residence time, which was substantiated by the flame
length results in Chapter III (Figure 3.55). The increase of the residence time has allowed
the soot to generate for a longer period of time and has shifted the soot generation zone
upstream.

For most of the momentum-controlled region (60% and 100% CFMFR), the soot
concentration results for all the cross-flow at 25%, 50% and 75% flame length, show a
kidney-shaped structure in Figures 4.14, 15, 16, ¢ and d. The 60% and 100% CFMFR
flame results for the 4 m/s cross-flow show a relatively smaller cross-section than the 2
and 3 m/s cross-flow flame. The change of structure can be observed from the flame
images in Figure 3.57e. The 4 m/s flames appeared to be narrower and longer than the
rest of the lower cross-flow flames. The explanation of this phenomenon is given in
Chapter III. The soot concentration results of the 4 m/s, 60% CFMFR flame (for the three
flame locations) are about four to eight times higher than the 2 and 3 m/s cross-flow
results. On the other hand, at 100% CFMFR, all the soot concentration in the three cross-
flows have almost the same range of soot concentration.

The 100% CFMEFR flame has a higher soot concentration than the 60% CFMFR

flame for the 2 and 3 m/s cross-flow, except for one case at 25% flame length for the 3
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m/s cross-flow flame, where the 100% CFMEFR flame has slightly lower soot
concentration than the 60% CFMFR flame. On the contrary, the 4 m/s cross-flow results
and the quiescent condition results show otherwise. This is also another indication that at
the 4 m/s highly turbulent cross-flow, the flames behave like in a quiescent condition, and
cross-flow has less effect on the flame than at the 2 and 3 m/s cross-flow. However, the
10% CFMEFR flame has higher soot concentration than the 30% CFMEFR flame for the 4
m/s cross-flow; this is different from the quiescent condition results, where the 10%
CFMER flame has lower soot concentration than 30% CFMFR flame, but it is consistent
with the rest of the cross-flow conditions results. The difference of maximum soot
concentration between the 10% CFMFR and 20% CFMFR flames for the 2 m/s cross-
flow (Figure 4.14 a and b) is about 2 ppm at 50% and 75% flame length, and it is about 3
ppm at 25% flame length. The differences are about twice or more from 20% CFMFR to
10% CFMFR (4 ppm for 10% CFMFR and 1 to 2 ppm for 20% CFMFR). The 3 m/s
cross-flow results (Figure 4.15 a and b) show that the difference is also 2 ppm, but the
magnitude between 20% CFMFR and 10% CFMFR is three times higher for 25% and
75% flame length, and 1.5 times higher for 50% flame length (4 ppm for 10% CFMFR
and 2 ppm for 20% CFMFR). The results show that the difference of maximum soot
concentration between the 30% CFMFR and 10% CFMFR at the 4 m/s cross-flow
(Figure 4.16 and b) is 2 ppm at 25% flame length, 5 ppm at 50% flame length and 10
ppm at 75% flame length; the magnitude between 30% CFMFR and 10% CFMEFR is
three times higher for 25% and six times higher for 50% and 75% flame length [3 ppm
(25% FL), 6 ppm (50% FL), and 12 ppm (75% FL) for 10% CFMFR and 1 ppm (25% FL

and 50% FL) and 2 ppm (75% FL) for 30% CEFMFR]. These findings show that the
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increase of cross-flow caused the increase in maximum soot concentration difference
between the 10% and 20% CFMEFR flame at 2 and 3 m/s cross-flow, and the difference
between the 10% and 30% CFMFR at 4 m/s cross-flow. As mention in Chapter III, the
20% CFMEFR flame and the 30% CEMEFR flame are at the transition point between the
chemically controlled region and the momentum-controlled region. The soot
concentration in this region is reduced with the increase of cross-flow speed.

To summarize the above findings, the soot concentrations vary in a small
magnitude with the increase of the cross-flow velocity for 100% CFMFR flames. For
60% CFMEFR flames, the soot concentrations decrease slightly (10 to 20%) from 2 to 3
m/s cross-flow, but increase significantly (three to seven times) from 3 to 4 m/s cross-
flow. For the transition point (20% CFMFR for 2 and 3 m/s cross flow, and 30% for 4
m/s cross-flow), the results show that the overall soot concentration decreased a little
from 2 to 3 m/s (especially at 75% flame length), and maintained about the same
magnitude from 3 to 4 m/s (besides the change of the location of high soot concentration
from 50% flame length to 75% flame length). The 10% CFMEFR flame results show that
the overall soot concentration drops slightly from 2 to 3 m/s cross-flow (besides the
change of the location of high soot concentration from 50% flame length to 75% flame
length), but it increases tremendously from 3 to 4 m/s cross-flow. The general trend for
all the cross-flow conditions is that the overall soot concentration decreases with the
increase of CFMFR. The percentage difference of the soot concentration between

CFMEFR increases with the increase of cross-flow velocity.
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X-Z Plane PLII Results

Figures 4.17 to 4.19, a to d, show the x-z plane PLII images. All these results are
relative LII signals. These images were put together in a mosaic form as discussed in the
previous section. The burner is located at x=0 and z=0 in all these figures. The z =0 to 1
cm measurement was skipped because for all cases (except 4 m/s 10% CFMEFR flame),
the LII signal for that region was very small due to low soot concentration.

The 10% CFMER flames for all the cross-flow conditions appear laminar. Hence,
the soot concentration distribution for the three 10% CFMFR flames (Figure 4.16a,
4.17a, and 4.18a) appears smoother than the rest of the higher CFMFR flames. The 10%
CFMER results for 2 and 3 m/s cross-flow (Figure 4.16a and 4.17a) show that the soot
concentration is highest at around z = 6 to 7 cm. In 4 m/s cross-flow flame (Figure 4.19a),
the highest soot concentration is located above 8.5 cm (the domain of PLII
measurement), and it is located at around 75% (Figure 4.16a) of the flame length, which
is about 15 cm. There are two findings that can be observed from these results. First, the
flame bends more toward the —x direction with the increase of cross-flow velocity, which
is caused by the decrease of momentum flux ratio. Secondly, the increase of cross- flow
also increases the width (in x) of the soot distribution, which is caused by the change of
flame structure that is discussed in Chapter III.

The results of the 20% CFMFR flame at 2 m/s (Figure 4.17b) show the soot is
distributed along the flame and a larger concentration is located at around z = 7 to 8 cm.
However, the 20% CFMFR flame at 3 m/s cross-flow (Figure 4.18b) shows that the soot
is concentrated around 4 to 5.5 cm along the z-axis and in the 4 m/s cross-flow flame

(Figure 4.19b) shows it is located at 6 to 7 cm along the z-axis. These observations
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confirmed the results in Figure 4.14b, 4.15b, and 4.16b, where the soot concentration is
highest at 75 % of the flame length for 2 m/s cross-flow flame, 50% of the flame length
for 3 m/s cross-flow flame, and 75% for the flame length for 4 m/s cross-flow flame.
Although the 10% CFMFR flame results show that the soot concentration
distribution increases in width (x direction) with the increase of cross-flow velocity, the
60% and the 100% CFMFR results (Figure 4.17 to 4.19, ¢ and d) show the opposite
behavior. Comparing 2 and 4 m/s cross-flow results, we notice that the 4 m/s cross-flow

flame bends more along the cross-flow direction and its width is also smaller.

4.5 Conclusion

The quiescent flame result shows that the overall rank of the magnitude of soot
concentration with respect to percentage CFMFR provides a means to distinguish the
regions of momentum and chemically dominant region. The 60% CFMFR flame had a
higher soot concentration than the 100% CFMREF flame because the 100% CFMEFR flame
had a higher mixing rate. However, the 10% CFMFR flame had less soot concentration
than the 30% CFMFR flame. The reason for this phenomenon was the change of
residence time. Hence, it can be concluded that the 10% CFMEFR flame lies in the a
chemically-dominated region, whereas the 60% CFMFR flame lies in the momentum-
dominated region.

The cross-flow velocity versus the flame soot concentration relation shows a non-
monotonic behavior. The overall soot concentration decreases with the increase of cross-
flow velocity from 2 to 3 m/s. However, the increase of cross-flow velocity from 3 to 4

m/s increases the soot concentration. This phenomenon was mainly attributed by the
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change of flame structure at higher cross-flow velocities. The increase of cross-flow
velocity from 2 to 3 m/s increased the flame-air mixing rate through the intensifying the
CVP structure. On the other hand, the increase of cross-flow velocity from 3 to 4 m/s
changed the flame configuration to more like a co-flow flame.

The quiescent and the 4 m/s cross-flow flames results show that the 60% CFMFR
flame had higher soot concentration than the 100% CFMFR flame. However, the 2 and 3
m/s cross-flow flames results show that the 100% CFMFR flame had higher soot
concentration than the 60% flame. Which is another evidence that the 4 m/s cross-flow
was behaving like a quiescent or co-flow flame.

Generally, all the cross-flow flames show a decrease of overall soot concentration
with the increase of CFMFR. The difference in percentage of the peak soot concentration

increases with the increase of cross-flow velocity.

190



161

Table 4.1 Literature on Applications of LII for Soot Concentration Measurement

and D. L. Dietrich 1994 combustion

Author Fuel Burner Size  Laser wavelength Detection wavelength Power Gate Pulse Calibration Soot size
B. Quay et. al 1994 Ethylene 11.1 mm (fuel) 532 & 1064nm 0.12MW/cm”A2 10ns 7ns  Extinction Yes
101.6mm (air)
T. Ni et. al 1995 Ethylene 10.1mm (fuel) 532nm 0.27J/cmA2 18ns 7ns Yes
100.2 mm (air)
C .R. Shaddix Methane 10.1mm (fuel) 560nm 300-480nm 7*1078W/cm”2 100ns Extinction
et. al 1994 100.2 mm (air)
C .R. Shaddix and Methane 10.1mm (fuel) 560.3nm (threshold) 6*10"6W/cm~2 45ns 5ns  Extinction Yes
K. C. Smyth 1996 Propane 100.2 mm (air) (threshold)0.03 J/cmA2
Ethylene (used)5.0J/cm”2
R. L. Vander Wal Ethylene 10.5mm fuel 1064nm 400-450nm 30MW/cmA2 100ns 10ns
1996 101mm air
R. L. Vander Wal Acetylene  10.5mm fuel Dual 1064nm 400-450nm(threshold) 0.36J/cm”2 50ns
et. al 1998 air mixed  101mm air
R. L. Vander Wal Methane 10.5mm fuel 1064nm 405-415nm 0.25J/cm”2 50ns Cavity ring No
1998 101mm air 590-610nm down CRD
R. L. Vander Wal and Ethylene 10.5mm fuel 1064nm 400-450nm 50ns Extinction Yes
K. A. Jensen 1998 101mm air
R. L. Vander Wall Droplet 1064nm 1064nm 400-450 nm 1 x 10"7w/cm2 No
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Author Fuel Burner Size  Laser wavelength Detection wavelength Power Gate Pulse Calibration Soot size

R. L. Vander Wal Ethylene McKenna 1064nm 450nm and 550nm 29MW/cmA2 250ns Gravimetric Yes
et. al 1996 burner 57MW/cm~2
R. L. Vander Wal Methane 10.5mm fuel 1064nm 300 and 600nm 0.25J/cm"2 50ns TEM No
et. al 1999 Ethane 101mm air

Ethylene

Acetylene
S. Will et. al 1996 Ethylene  13mm 532nm 532nm 100MW/cm~2  20ns 8ns  Extinction Yes
S. Will et. al 1998 Ethylene 13mm 532nm 450nm 50-150MW/cm”~210ns 8ns  Extinction Yes
S. Schraml et. al Ethylene 13mm 532nm 532nm 5*10A"7w/cm2  4ns  8ns Extinction Yes
2000
D. Bryce et. al 2000  Diesel 10mm (fuel) 532nm 368-423nm 10J/cm”2 30ns

100mm (air)

M. Braun-Unkhoff et. al Premixed  8mm 532nm 450nm 100ns 8ns  Extinction No
1998 Ethylene
H. Geitlinger et. al C2H2 2mm 532nm 430nm 35mJ 250ns 10ns Extinction No
1998 16mm
B. Mews and J. M. Ethylene 532nm 400nm 100MW/cm~2  50ns 7ns  Extinction Yes

Seitzman 1997




€6l

2002 Combustor

Author Fuel Burner Size _Laser wavelength Detection wavelength Power Gate Puise Calibration Soot size
J. Hult et. al 2002 Ethylene 1.7mm 532nm <450nm 0.3J/cm"2 10ns Extinction No
B. Axelsson et. al Premixed Flat Flame 1064nm 400 & 470 nm 0.6J/cm”2 40ns Extinction Yes
2001 Ethyiene Burner

McManus et. al 1997  Ethylene Flat flame 532nm 10*6W/cm”2  20ns 30ns Extinction No
D. Woiki et. al 2000 C2H2 Shock tube 1064nm 633nm 43md 15ns Extinction Yes
P. O. Witze et. al Propane 50 mm(fuel)  532nm 570nm up (threshold) 0.2J/cm”2 Extinction No
2001 75mm (air)

T. P. Jenkins et. al Gas Turbine 1064nm 50ns Soot No
2002 Combustor generator

M. Brown and T. Meyer Gas Turbine 532nm 500nm up 100-600J/pulse None No
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1. Test section 13. Computer and DAQ system

2. Flame 14. ICCD camera

3. 3 tempered glass window 15. Camera gate controller

4. Contraction 16. Stanford Instrument Pulse Generator
5. Fuel and mixture supply 17. Camera imaging system

6. Single layer filter 18. Traverse mechanism

7. Two layers filter 19. Turning mirrors

8. Turning ducts 20. Laser

9. Blowers 21. Focusing lens

10. Suction fan 22. 431 nm narrow band filter

11. Exhaust to atmosphere 23. 70%-30% beam splitter

12. Nd-YAG laser 24. Thermopile volume absorber detector

Figure 4.4 Schematic of LII Measurement Setup for Cross-flow Condition

195



4

Trigger

Figure 4.5 Laser and Camera Chronological Chart
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Figure 4.6 Geometry of the Tomographic Correction
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Figure 4.8 Propane Calibration Flame
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Chapter V

Laser Induced Fluorescence Measurement

Nomenclature

Aj; Einstein spontaneous emission

By Einstein B coefficient

Cexp Experimental constant from the optics and the detection setup
Csy Stern-Volmer coefficient

c Speed of light

I Incident of the laser beam

h Plank’s constant

Lame Flame length

ng4 Total number of photon lost

e Number of photons emitted in a laser beam

Fpe Detected LIF signal

P Rate of predissociation of excited molecules

Oc Rate of collisional quenching

S Rate of stimulated emission by the intense laser beam
T Temperature

Greek symbols

Vee Transition frequency

Yo Mole fraction of the probe species

n Quantum efficiency or the detection efficiency
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o Detection efficiency

nr Transmission efficiency
Al Beam path

Av Absorption bandwidth
Dee, Boltzman fraction

Oe Absorption cross section
Q Collection solid angle
Subscript

g Ground state

e Excited state

i Collider species,

X Measured species

5.1 Introduction

One of the most developed resonant techniques is Laser-induced fluorescence
(LIF). The purpose of LIF is to find out the population density of selected quantum states
and the thermodynamic properties of the test medium. A specific narrow band laser is
used to selectively excite the atom or molecule to a specific vibrational and electronic
level from its original state. The fluorescence emission from the population of the excited
species is proportional to the total density of the population of probed species at the
ground state. In a typical LIF experiment, the energy state of the subjected species is

illustrated in Figure 5.1. A narrowband laser source with photon energy /4 v, matches the
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energy difference between the ground state g and the excited state e. The excited species
may spontaneously undergo relaxation to any of the lower states, which are represented
by 1 to 3 (although in a real case it may involve tens or even hundreds of energy levels)
in Figure 5.1, by emitting a photon. However, the species may lose its energy or remove
from the upper state through dissociation, ionization, stimulated emission, or collisional
quenching. Ionization process occurred when the provided energy is sufficiently high,
then the molecule may lose electrons and become ionized. Stimulated emission occurs
when the molecule collides with a photon and it is forced to release its energy. Collisional
quenching is the exchange of energy through collision with another object. Since every
transition is unique, the LIF process can be modeled as an isolated radiative interaction
consisting of a separated two-level system (Laufer, 1996).

OH radical is a very good indicator for the flame reaction zone, where
temperature is highest. In this study, OH radical is also used as an indicator for the
chemical (kinetic) and the momentum (diffusion) dominance of the soot oxidation.
Besides molecular O, oxidation of soot particle, other molecule species are also very
important in the process of soot oxidation, such as H,O, CO,, and NO (Tesner, 1967).
Other studies also found that OH radical is the major soot oxidant (Mulcahy and Young,
1975). Garo, et al. (1990) in their laminar flame study found that in the zone where solid

carbon disappears, OH radical decreases, and O, dominates the soot oxidation process.

5.2 Experimental Techniques

The laser equipment used for LIF and PLIF measurement consisted of a Quanta-

Ray GCR 250 pulse Nd:YAG laser, a Quanta-Ray MOPO-730 Optical Parametric
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Oscillator (OPO) with Frequency Double Option (FDO). GCR 250 provided a pumped
laser beam at 355 nm to OPO. An adjustment of OPO crystal angle provided tuning of
the laser for various wavelengths. MOPO-730 with FDO has a tunability range of 190 nm
to 2000 nm. The OPO crystal used in MOPO-730 is Type I phase-matched Beta Barium
Borate (BBO), which is a nonlinear gain medium. The gain of an OPO system is derived
from the nonlinear interaction between an intense optical wave and crystal having a large
nonlinear polarizabilty coefficient. The OPO used in this experiment was a coupled dual
oscillator system where a high energy power oscillator was injection-seeded with the
narrow output from a master oscillator. This enabled the coupled oscillator system to
produce a narrow bandwidth, high-energy, coherent radiation. The precise orientation of
the crystals for various specific wavelengths was controlled by a MOPO controller.

The output laser from the OPO was focused on a 570 mm focal length fused silica
best-form laser-focusing lens. Along the laser beam, a beam splitter deflected 50% of the
output beam to a pyroelectric power meter to monitor the incident beam energy. The
continuous monitoring of the incident beam was used to normalize the measurements for
accounting for pulse-to-pulse power variations. The fluorescence signal was collected at
right angle to the incident beam using a Princeton Instruments Model ICCD-576-G/RB-E
Intensified Charge Coupled Device (ICCD) camera. A focusing lens was placed in front
of the camera to focus the image on the ICCD array. A narrow band filter for each
specific fluorescence signal was placed prior to entry of the camera to reduce the stray
incident radiation and to increase signal-to-noise ratio. The data collection method was
the same as in the LII method. The schematic diagram of LIF measurement setup is

shown in Figure 5.2.
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For OH measurement, a frequency-doubled output (285.265nm) of the OPO was
used to induce fluorescence (Battles, et. al. 1994). At this wavelength, OH was pumped at
the Q;(6) transition in the OH A*L—X"T1I system of the (1,0) band and the fluorescence
from the (1,1) band was collected (Hanson, 1986). For all the measurements, a beam size
with diameter of 1 mm was used.

The turning mirror, beam splitter and pyroelectric power meter were mounted on
a traverse mechanism. On the detection side, the ICCD camera along with the focusing
lenses and the narrow band pass filter were mounted on a similar traverse mechanism for
horizontal movement, and vertical movement was enabled by raising the height of the
stand. The optical arrangement was traversed along the height of the flames to measure
the axial concentration profiles of the radicals for quiescent condition flames and planar
laser induced fluorescence (PLIF) measurement for cross-flow flames.

Planar Laser Induced Fluorescence (PLIF) images were collected in a similar
fashion as in the LIF method. The difference was that PLIF experimental setup applied a
laser sheet, rather than a single laser beam. The laser sheet created a 2-D field of radical
fluorescence. A cylindrical lens was mounted after the last turning mirror to generate the
laser sheet. Due to the Gaussian nature of the laser beam, the sheet generated was also
Gaussian. Hence, if the full sheet is used, the PLIF images will be misrepresented with
higher intensity at the center of the sheet. In order to reduce the effect of the Gaussian
distribution, a slit was placed after the cylindrical lens to limit the sheet length to 2 cm
and the sheet width of 1.5 mm at the center of the flame. In quiescent condition flames,
PLIF images were captured from burner tip to about 60% of flame length. In cross-flow

flame, the PLIF images were captured up to 8.5cm from the burner, which was about half
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of the 100% CFMFR flame length for all cross-flow conditions. The PLIF results
presented were the composite images of a number of PLIF images. The results are
presented as normalized signal intensity, which gives a qualitative representation.

This 2-D fluorescence field was then captured by an ICCD camera. This image
was acquired and processed with a data-acquisition computer using WinSpec software.
For all flame conditions, both the resonance and the off-resonance (explained in next
paragraph), a total of fifty images were collected and were averaged.

LII signal interference can be significant in a high soot concentration region.
Figure 5.3 shows the signal of both LII signal and OH signal. In order to isolate the
interference signal of LII and other species, a second set of data was obtained with an off-
resonance frequency (285.285 nm) laser. The OH signal was the result of the subtraction
of the signal at the resonance frequency and the signal of the off-resonance frequency.
With this method, both LIF and PLIF results presented below are isolated from LII and

other species interference.

5.2.1 OH Quantification

For a diffusion flame in atmospheric condition, only 3 out of 1000 excited OH
radicals lose energy through fluorescence, and the rest of the molecules lose their energy
through collisional quenching with ambient gases (Tamura et. al 1998). The domination
of LIF quantum yield by the collisional quenching can be avoided through advanced
experimental setup. For instance, a short and prompt electronic gate to detect the
fluorescence promptly after the laser pulse before significant quenching happened.

However, this method only works for low-pressure combustion. Another method is the
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direct measurement of the fluorescence decay rate. Nevertheless, this method requires a
pico-second experimental technique, which is not commonly applied. The method
applied an excitation of a predissociating transition where the predissociation is much
faster than the collisional quenching. This method also suffered a setback by the
experimental complications (Tamura et. al 1998). The commonly used method for OH
and other radicals measurement using LIF is the direct calculation or estimation of the
quenching rate at the location of the measurement to determine the quantum yield. This
method required the knowledge of quenching rate and concentration of species involved.
Beside that, this method is relatively less complicated and more feasible. The
concentration and the local flame temperature can be obtained from the numerical results.

There are four basic requirements that must be satisfied to achieve the
quantification of the fluorescence of a species. First, the emission spectrum of the species
must be known. Secondly, a tunable laser source is required to provide the wavelength to
excite the species. Thirdly, it is required to know the rate of radiative decay of the excited
species. This is because the fluorescence power is proportional to this rate. The fourth
requirement is that the loss due to dissociation, ionization, and collisional quenching has

to be taken into account (Eckbreth, 1998)

5.2.2 Spectroscopic Modeling

In Laufer (1996), the LIF signal can be quantified with following expression

n,=C, xn,xCg, [5.2.1]

pe exp
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The total number of photons lost (or absorbed by the species) by the incident laser beam
by absorption while traveling through a sample element of length of A/, which is the

flame width the laser traveled in the experiment is

Ly B0 [5.2.2]

ge ~ ge
hv 2

n, =

Hence, ny is the number of photons which is equal to the number of molecules excited
along Al of the laser beam, /; is the incident of the laser beam, oy, is the absorption cross
section, 4 is the Plank’s constant, is the transition frequency, y, is the mole fraction of the
probe species. The population density is represented by S, the Boltzman fraction, which
is the fraction of y,/x,, of the tested species that is in the probe state. The subscribed g
and e are for ground state and excited state.

As mentioned in the introduction section, in the application of LIF, the energy lost
is not limited to spontaneous emission. Collisional quenching, dissociation, ionization
and stimulated emission are also very important, especially in ambient diffusion flame,
collisional quenching is very important. Stern-Volmer coefficient is an expression for the
measured yield of LIF process. The coefficient is defined bellow (Laufer. 1996),

— A21
Ay +P+Q- +S

[5.2.3]

N4

A, is the Einstein spontaneous emission for a specific transition. P is the rate of
predissociation of excited molecules. Stimulated emission by the intense incident beam
may further deplete the excited state at a rate of S (saturation). Q¢ is the rate of collisional
quenching. The multiplication of the number of excited molecules, n, by SV is the
number of emitted photons. The number of photons emitted in a laser beam volume of a

slice of Al is n,.
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AZI
A, +P+0.+S

I
ne =n, X CSV = ﬁzoﬁgeo-geAl [5.2.4]

ge
Most of the emitted photons are unable to be detected because of the loss through the
optical components like the aperture size, the filter or the camera and the detector
quantum efficiency. C,y, is the experimental constant from the optics and the detection

setup.

Q
Cexp = (—4; UTUD] [525]

Q is the collection solid angle, 777 is the transmission efficiency of the filter, 77p is the

quantum efficiency or the detection efficiency of the camera. This quantum efficiency is
a quantum mechanical property of the photocathode that specifies the fraction of the
conversion incident photons into electrons through photoelectric effect.

Hence, the final expression for the detectable signal in photoelectrons is (Laufer, 1996),

Q I, A
n, =|— L np, o, Al 2l 5.2.6
pe (471_ nTnD) hvge oﬂge ge A2] +P+QC +S [ ]
The absorption coefficient is defined as
B__hv
o, =—"4F 52.7
¥ cAv L ]

where By, is Einstein B coefficient, which is an absorption coefficient. ¢ is the speed of
light and 4v is the absorption bandwidth. In the linear regime, predisociation and
saturation effect is trivial. Hence, P and S is very small compare to Ay and Q., so they

are assume zero in the calculation (Hanson et al., 1990, Eckbreth, 1996).
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OH Collisional Quenching Calculation

Since there are many species involved in the collisional quenching, the rate of collisional
quenching Q¢ is expressed as the summation of the collider species, i mole fraction with
the rate of quenching of measured species, x with the collider species, q;, (Garland and

Crosley, 1986).

Oc =21ty [5.2.8]

Quenching rate of OH as studied extensively by Paul et al. (1994a) and Tamura et al.
(1998). Both studies result in cross sections for OH-A- state quenching, o« are shown in
Table 5.1. With the parameters a; and o« for each species and the temperature from the
numerical results, the quenching rate for each collider can be calculated by following
formulation (Tamura et. al 1998).

q, =a,c,T% [5.2.9]

The empirical relation for the temperature dependence of the cross section for OH
quenching is expressed below with the constants, a; for each species listed in Table 5.1

(in unit of 107 cm® 7).
£
o,=0, exp(k—T) [5.2.10]

This expression is the application for a wide range of flame temperatures.

The quantification modeling was performed with the above method. Tamura et al.
(1998) OH collisional quenching parameters were used in the calculation, since both
Tamura et al. (1998) and Paul et al. (1994a) parameters do not make a significant
difference in OH concentration results. The concentrations of the quenching species and

the temperature were taken from the numerical results (Chapter VI). Choudhuri’s (2000)
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study shows that the OH concentration calculated using the measured (Raman
measurement) and the computed (local equilibrium model) quenching species
concentration do not have a significant difference (within the uncertainty). The
uncertainty for the OH concentration measurement was calculated from the peak LIF
florescence reading of the 60% CFMFR flame at 3 m/s cross-flow result, and it is about

+/- 2.43 X 10° mole/m® or +/- 5.8 % of the average value (4.23 X 10” mole/m’).

5.3 Results and Discussions

The results presented below will discuss importance of the OH and the O, in
oxidizing the soot particle. The discussion will focus on substantiating the
characterization of the chemically and momentum domination regions in the flame. In a
diffusion flame, OH radical is reaction rate dependent; on the other hand, O, is diffusion
rate dependent. Hence, the comparison of the OH and O, domination of soot oxidation in
the flame provides an evident of the analogy of the chemical and momentum dominance
of the flame. However, the reaction rates of OH and O, are very different. OH radical is
more reactive than the O, molecule in soot oxidation process (Fenimore and Jones, 1967,
Mulcahy and Young, 1975). Neoh et al. (1984) study showed that OH radical is more
important than O, in the soot oxidation process in an atmospheric pressure flame at
temperature range of 1580 to 1860K and in the O, mole fraction range of 10 to 0.05.
Quiescent Condition

The OH concentration in the flame at quiescent condition is shown in Figure 5.4.
These axial tomographic plots of the measurement were made at one-centimeter

increments along the axial direction of the flame. The 10% CFMFR flame result is
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presented on a different scale, which is thirty times higher than the 30%, 60%, and 100%
CFMFR flame results. The OH concentration shows dual peaks along most parts of the
lower section of the flames. On the contrary, the turbulent flame soot concentration result
at the quiescent condition (Figure 4.13) exhibits two-peak behavior only in the region
close to the burner. However, in a laminar flame, the dual-peak structure of soot
concentration is still visible at a height above 50% of the flame length.

The OH concentration in the 10% CFMFR flame was significantly higher than in
the other CFMFR flames. This may be mainly due to the fact that the 10% CFMFR flame
is a laminar flame. In the momentum-dominated region, the 60% CFMFR flame OH
concentration result shows a higher value than the 100% CFMFR flame. The results show
that the 10% CFMFR flame has its peak at around 15 cm (x/lgme = 0.48) of the flame
length, 30% CFMFR flame OH concentration peak was at 17.5 cm (x//ggme = 0.39), and
60% and 100% CFMFR flame OH concentration peak were at around 33 cm(x/lggme =
0.58) and 18 cm (x/Igame = 0.25).

Figure 5.4 shows that the OH radical concentration (with the scale provided)
extends up to about 80% of the flame length for 30% CFMEFR flame, 65% and 27% of the
flame length for 60% and 70% CFMFR flame. The 10% CFMFR flame result shows that
the OH concentration extends further than 80% of the flame length if the result is plotted
on the same scale as the 30%, 60%, and 100% CFMFR flame results. This observation
shows that the OH influence on the soot oxidation extends further downstream of the
flame for the low CFMFR flame. In other words, OH radical dominates the soot
oxidation in the chemical-dominated flame. The oxidation of soot by the O, molecule

may come into play at the very end of the flame for the chemical-dominated flame, which
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agrees with laminar flame studies by Neoh et al. (1984) and Garo et al. (1990). For a
laminar diffusion flame, the OH continues to dominate the soot oxidation process until
the O, concentration is sufficiently high. Oxygen (O,) is intrinsically less reactive than
OH radical, so the O, molecule is able to penetrate deeper into pores in the soot particles
or open spaces within the aggregates. This effect increases the internal burning in the soot
particle. The combination of the internal oxidation of the soot particle (by O,) and the
surface regression caused by the external oxidation (by OH) leads to the breakup of the
soot particle. The breakup occurs only after 80% of the initial mass had been oxidized
(Neoh et al., 1984 and Garo et al., 1990). Figure 4.13 also shows that the high soot
concentration for the 10% CFMFR flame is located around 80% of the flame length.
Hence, slightly further downstream of this region, the soot particles may start the breakup
process. This discussion also provides an argument that the significant of O, oxidation of
the soot particle is located slightly upstream of this region. Figure 3.33d shows that at
25% and 50% of the flame height, the O, concentration at the center of the flame is 2.5%
and 5.5% respectively; and at 75% of the flame length, the in-flame O, concentration is
slightly above 10%. According to Neoh et al. (1984), OH dominates the soot oxidation
process in region with O, mole fraction of 0.001% and 5%. The region of 50% to 75% of
the flame length is the transition of OH to O, dominance of the soot oxidation process.
Hence, the OH radical dominated most part soot oxidation process of the 10% CFMFR
flame.

To further substantiate this argument, the soot concentration and the OH
concentration of the flames were plotted radially in the same figure for half of the flame

(Figure 5.5 and 5.6, a and b). These figures show the comparison of the OH and the soot
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concentration for 10% and 60% CFMFR flames, each from the chemically and
momentum dominated regions, at 25% and 50% of the flame height. The results show
that the OH concentration in the 10% CFMFR flame is at the outer rim of the soot
concentration for both the 25% and 50% of the flame length, which agrees with many OH
concentration results for a laminar flame (Puri et al., 1992; Smyth et al., 1997). The OH
concentration and the soot layer overlapping region is where the active soot oxidation
occurred (Smyth et al., 1997). The 60% CFMFR flame result shows the same
characteristic at the 25% flame length. However, at the 50% of the flame length, the OH
concentration and the soot concentration do not show the same characteristics. At this
location, the result shows the soot concentration has the peak at the flame center and the
OH concentration still maintains a dual-peak profile. Though the OH peak is not as
significant as the one at the 25% flame length and the 10% CFMEFR flame results. In fact,
the soot concentration at this location is almost the inverse of the in-flame O;
concentration. The comparison of the soot and the O, concentration of the 60% CFMFR
flame at 50% flame length is shown in Figure 5.6¢c. Furthermore, as discussed earlier, the
soot layer and the OH concentration overlapping region is not present in this result,
which means that the OH radical oxidation of soot in this flame location is not as
significant as in the 25% flame length and the 10% CFMFR flame. Hence, at this region,
the O, dominated the oxidation of soot particle rather than the OH radical.

According to Kent and Wagner (1984), the difference between a laminar flame
and a turbulent flame at the region close to the burner is that the soot generation or
oxidation is kinetically controlled for a laminar flame but it is diffusion control for a

turbulent flame. At the high soot concentration region, both the laminar and the turbulent
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flames are diffusion controlled by oxygen containing species (Kent and Wagner, 1984).
In this study, the oxygen containing species for the 10% CFMFR flame is OH radical and
the 60% CFMFR flame is O, molecule. Soot particle in the 60% CFMFR flame has to
compete with CO for OH radicals. The 60% CFMFR flame has a lower flame
temperature at the 50% flame length and was mainly due to the high soot concentration.
Soot particle radiative heat loss reduces the flame temperature, which enhances CO
formation by reducing its oxidation rate (Puri et al. 1992). This is the reason that at 50%
flame length of the 60% CFMFR flame, the CO concentration was higher (Figure 3.31b)
than the 10% CFMFR flame results (Figure 3.31d). Higher CO concentration reduced the
availability of OH radical to react with soot particle, which increased the importance of

O, molecule in soot oxidation.

Cross-Flow Condition

Figures 5.7, 5.8, and 5.9 show the tomographic plots of OH concentration on the
x-y plane. The OH measurements were done in a similar fashion as in the LII
measurement in Chapter IV. However, only the 25% flame height plane was measured,
because above that height, the OH concentration was scarce. From the observation in the
PLIF results (Figure 5.13, 14, 15), the OH concentration beyond 30% of the flame height
for a highly turbulent flame is hardly detectable. Most of the OH concentration profiles
also exhibit a kidney or a horseshoe shaped structure. Most of these results show a high
OH concentration at the outer rim and the center of the flame. These were the areas of

active reaction, where O, from the air reacts with the hydrocarbon. The high OH
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concentration at the center was mainly due to the CVP (counter rotating vortex pair)
effect, which enhanced the mixing and reaction rate (as discussed in Chapter III).

From the results of the 10% CFMFR flames, the 4m/s cross-flow flame has the
highest OH concentration than the rest of the cross-flow flames. Chapter III results
(Figure 3.22a to k) show that the 4 m/s cross-flow flame required higher amount of
hydrogen (for 10% CFMFR flame, 4 m/s cross-flow flame has 61% by mass more than
the one at 2 m/s cross-flow) to attach the flame than other lower cross-flow velocities
flame. Hence, the higher amount of hydrogen input caused the increase of OH
concentration for the10% CFMFR flame at 4 m/s cross-flow. Although the 10% CFMFR
flame in 3 m/s cross-flow also had higher hydrogen input (then 2m/s), its result does not
show a higher OH increase. This was mainly due to that the 3 m/s cross-flow flame has
better mixing than the 2 and 4 m/s cross-flow condition. The increase of cross-flow from
2 to 3 m/s increased the CVP effect. However, from 3 to 4 m/s, the change of the flame
structure (from cross-flow to co-flow like structure) has reversed the effect. Hence, the
strong dilution from the surrounding air of the 3 m/s cross-flow flame was the main cause
for the lower measured OH concentration. This phenomenon has also been observed in
the LII results. The soot concentration results for the 10% CFMFR flame at 3 m/s cross-
flow is the lowest compare to the other two cross-flow velocities. Also, from the in-flame
O, concentration results, the 10% CFMFR flame at 3 m/s cross-flow (Figure 3.47d) has
the highest O, concentration then the 2 and 4 m/s cross-flow results (Figure 3.47d and
3.51d). However, this phenomenon is only observable in laminar flame results (10%

CFMFR), and it is not obvious for turbulent flame results. The main reason is that the OH

234



concentration is very small compared with other species, and at highly mixing conditions,
the difference maybe too small to be traceable.

The results in 20% CFMFR flame at 2 m/s cross-flow are very similar (in size and
OH distribution) to the ones in 3 m/s cross-flow, although magnitude wise, the 2m/s
cross-flow flame had a slightly higher OH concentration. The results of soot
concentration distribution for these two flames are also very similar (in size and
distribution) (Figure 4.14b and 4.15b). Hence, from this observation, it can be concluded
that the soot and the OH distribution are related to each other. The OH distribution in
these two flames shows a low OH concentration in the region between the two peaks on
the y=0 axis. The absence of OH concentration is clearer in the 3 m/s results (Figure 5.8).
This phenomenon was due to the high soot concentration and the CVP effect (which will
be discussed after the next paragraph) at this region. The transition point (from chemical
to momentum) for the 4 m/s cross-flow is 30% CFMFR (higher fuel flow rate). As a
result, the OH distribution at the transition point for the 4 m/s cross-flow was wider than
in the other two cross-flow flames. Figure 5.9 also shows a void at the middle of the
flame. The soot distribution results for this flame condition (Figure 4.16b) shows a high
soot concentration at this OH void region.

The 60% and 100% CFMFR flames at 2 m/s cross-flow had the overall highest
OH concentration, and then followed by 3 m/s and 4 m/s cross-flow flame. Although in
these three flames OH distributions look different, the horseshoe shape distribution to
some extent is still visible. From the comparison of the soot concentration distribution
and the OH distribution, most of the cases show that at the high soot concentration region

show a low OH concentration. For instance, the soot concentration distribution results of
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the 60% CFMFR flame at 2 m/s cross-flow (Figure 4.14) shows a high soot concentration
in the wing-like region and a void of soot concentration at the middle of the flame. Then,
the OH concentration in Figure 5.7 also shows a wing like structure, however it is
opposite to that shown in Figure 4.14. Figure 5.7 shows that the 100% CFMFR flame at 2
m/s cross-flow had a higher OH concentration at the upper part (in x direction) of the
flame, instead of a horseshow shape like the other two 100% CFMEFR flames (Figure 5.8
and 5.9). This can be explained by observing the soot concentration distribution of this
flame at 25% of the flame length in Figure 4.14d. Figure 4.14d shows the high soot
concentration located at the lower part of the flame and the soot distribution extends up
(in x direction) like a wing shape. Figure 5.7 shows the OH concentration distribution
had a void like a wing shape and it had a low OH concentration at the lower part (in x
direction) of the flame.

The OH concentration distributions for all the 10% CFMFR flame results show a
relatively similar trend. All the results show a horseshoe shape at the outer rim and a high
OH concentration at the center of the flame (y=0). At the center of the flame (y=0), all
the 10% CFMFR flames show a dual-peak. The OH concentration distribution at y=0 is
plotted in Figure 5.10 to 12, a and b. These figures show the comparison of the soot
concentration and the OH concentration for 10% and 60% CFMFR, each from the
chemically and momentum dominated regions at 25% of the flame length at three cross-
flow conditions. All these figures show a dual peak structure (or vaguely in some cases)
at y=0 axis. These figures also show that the higher peak is on the left side of the flame.
Compared to the temperature results in Chapter III, the temperature profiles shows higher

temperature on the left peak (Figure 3.25 to 3.27, a to d). The reason behind this
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phenomenon was the higher mixing rate on the left side of the flame due the curving
characteristic of the CVP. The details were discussed in Chapter III. The higher mixing
rate on the left side of the flame caused the increase of reaction rate, which led to higher
OH concentration on the left side. Similar to the quiescent condition results, most of these
soot-OH concentration comparison results show soot concentration peak between the OH
peaks. The most distinguishable difference between the quiescent and the cross-flow
results is that the cross-flow soot concentration has only a single peak, except in the case
of 60% CFMEFR flame at 2m/s cross-flow, which has scattered dual peaks. The quiescent
flame soot concentration had a dual peak at 25% of the flame length. The reason for the
difference is that the quiescent and the cross-flow flame have different mixing
mechanisms. Generally, the quiescent flame mixing is mainly due to the shearing effect
of the jet and the surrounding air. However, besides shearing effect of the jet and the
surrounding air, the cross-flow flame mixing also influenced by the CVP and the
recirculation effect from the burner. Hence, a cross-flow has flame higher mixing rate
than a quiescent condition flame. The higher mixing rate in a cross-flow flame brings the
peaks closer and combines them into one peak. For a 60% CFMFR flame, the mixing rate
for the flame at 2 m/s cross-flow is lower then the one in 3 m/s cross-flow. As a result,
Figure 5.10b soot concentration profile shows dual peak soot, whereas other 60%
CFMFR {flame results show only one peak. Again, as mentioned in the quiescent section,
the overlapping region between the high soot concentration region and the OH
concentration peaks is where the active soot oxidation takes place.

Hence, from all these comparisons and observations, at the 25% flame length

region, both the chemical and momentum-dominated flames behaved like the observation
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made in the quiescent condition flame. At this region, the OH radical dominated the
flame soot particle oxidation process.

The OH concentration profile of 50% of the flame length could not be measured
due to low signal to noise ratio. However, the qualitative OH concentration profile (in x
- direction) can be predicted from the temperature results because, the OH concentration
indicates the reaction zone. Hence, the peak temperature region is a good indication of
high OH concentration. The temperature results in Chapter III show that all the chemical-
dominated flames at low CFMFR (for all cross-flow) show a sharp dual peak structure at
50% of the flame length primary due to gas-phase dominant interface combustion.
However, the momentum dominated flame (high CFMFR) temperature profiles (for all
cross-flow) do not show a significant peak temperature due to the dominance of the
heterogeneous combustion of soot and turbulence. Hence, from these temperature
profiles, the same conclusion drawn in the quiescent condition can be applied here. O,
oxidation (or diffusion rate) dominated the oxidation process for the momentum-
dominated flame. Table 5.2 summarized the OH and O, dominance on soot oxidation at
25% and 50% flame length. Momentum flux ratio, R is provided for the cross-flow

condition flames.

PLIF and Incorporate Discussion with Results in Chapter IlI and IV

Figure 5.13 to 15, a to d show the PLIF images in the similar fashion that shown
in Chapter IV. The PLIF images were taken in different slices and the results presented
here are the result of the mosaic of the all the slices. All the results are the relative OH-

LIF florescence signal after the subtraction from the non-resonance signal.
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From these PLIF results, the 2 m/s cross-flow flame results show a high OH
concentration at the region around z=6 to 8 cm, except for the 20% CFMFR flame.
However, the 3 m/s and the 4 m/s cross-flow flame results show the high OH
concentration is located at the region around z=3 to 4 cm for 10%, 20% (3m/s), 30%
(4m/s), and 60% CFMFR; at 100% CFMFR flame, the high OH concentration is located
at z=7 to 8 cm region. The non-monotonic relation of the cross-flow and the oxidation
rate is again apparent in the PLIF result, especially in the 10% CFMFR results. The result
shows that the 10% CFMFR flame at the 2 m/s cross-flow had the high OH concentration
region located at around z=7 cm. However, the 3m/s cross-flow result shows that the 10%
CFMEFR flame has peak around 3 cm, but for 4 m/s cross-flow condition, it is located at
around 3.5 cm. The high OH concentration indicates the region of the high reaction rate.
The 2 m/s cross-flow flame high reaction region was further downstream than the 3m/s
cross-flow flame. However, at 4 m/s cross-flow, the effect of increase the cross-flow
shows otherwise. In higher CFMFR flames, the non-monotonic cross-flow velocity effect
is also apparent, except for a few cases.

While comparing these PLIF results with the PLII results in Chapter IV (Figures
4.17 to 4.19 a to d), for most cases, we see that the high OH concentration region is either
at the region slightly upstream or at about the same location of the high soot
concentration region. This phenomenon is expected because a smoke point flame is a
highly sooting flame, beyond the high soot region, there should not be many OH radicals

left in the flame.
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5.4 Conclusion

From the perspective of the OH and O, oxidation of the soot particles, the
distinction of the chemically and momentum dominated region is clearly drawn. The
comparison of the OH concentration and the soot concentration shows that at all flame
conditions (all CFMFR and cross-flow condition) at the 25% flame length region, OH
radical dominated the soot oxidation process. However, at 50% of the flame length, OH
dominates the oxidation of soot particle for the chemically-dominated flame; on the other
hand, O, dominated the oxidation of soot particles for the momentum-dominated flame.

There is a non-monotonic relation for the cross-flow velocity with the flame
oxidation process. The comparison of the OH concentration and the soot concentration
for different cross-flow velocity shows that the increase of cross-flow velocity from 2 to
3 m/s increases the overall oxidation rate of the flame. However, the increase of cross-
flow velocity from 3 to 4 m/s shows that the overall oxidation rate was decreased due to

the change of flame structure from cross-flow flame to a co-flow-like flame.

Table 5.1 OH Collisional Quenching Parameters

G Qe (A2) elk a

X10™

Collider | Paul et al. Tamuraetal.| (K) | cm®
N2 0.351 0.4 624 447
02 8 8 243 4.37
H20 17.87 20 ' 434 492
H2 4.24 4.5 224 10.88
CO2 11.87 11 488 4.16
CO 12.3 12 397 447
CH4 13.68 11 320 5.07
H 14.29 14.5 84 15.00
OH 14 20 384 4.99
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Table 5.2 Summery of the OH and O, Dominance Effect

R (Momentum Flux ratio)

Quiescent
10% CFMFR
60% CFMFR

Cross-Flow
2m/s
10% CFMFR
60% CFMFR

3m/s
10% CFMFR
60% CFMFR

4 m/s
10% CFMFR
60% CFMFR

6.36
64.79

2.49
29.97

1.20
13.27

Soot Oxidant Dominant
Flame Location
25% Lflame 50% Lﬂame
OH OH
OH 0O,
OH OH
OH 0,
OH OH
OH 0O,
OH OH
OH 0,
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Figure 5.9 X-Y Plane OH Molar Concentration at 25% Flame Length at 4 m/s

Cross-Flow for 10%, 20%, 60% and 100% CFMFR Flame
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Nomenclature

E Total energy
f Mixture fraction
f Mixture fraction variance

g Gravitational acceleration

Kx

Ks Generation of turbulence kinetic energy due to buoyancy
Keft Effective thermal conductivity

p Static pressure

Pr; Turbulent Prandtl number

r Air-to-fuel ratio on a mass basis

S; Source of energy due to chemical reaction
T Temperature

u Velocity

7 Jet velocity

u, Cross-flow velocity

w z-velocity

) Elemental mass fraction for some element
€ Dissipation rate

K Kinetic energy

Chapter VI

Computational Analysis

Generation of turbulence kinetic energy due to the mean velocity gradients
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o, Turbulent Prandtl numbers for K

o, Turbulent Prandtl numbers for €
0 Equivalence ratio

T Stress tensor term

p.. Ambient density

P, Jet gas density

y7 Turbulent viscosity

6.1 Introduction

A 2-D modeling was used for computation of the quiescent flame because the
flame is an axisymmetric structure. However, the cross-flow flame required a 3-D
modeling because the flame is non-axisymmetric. The 3-D domain dimension is based on
the half of the test section of the wind tunnel with the symmetry plane at x-z plane. A
standard k-¢ model was used to compute the flow, and an equilibrium mixture

fraction/PDF Model was used to compute the reaction.

6.2 Continuity and Momentum Equations

In this study, the computational fluid dynamics code “FLUENT” was used to
solve conservation equations for mass and momentum. For flows involving heat transfer
or compressibility, an additional equation for energy conservation was solved. For flows

involving species mixing or reactions, a species conservation equation was solved. The
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combustion model solved conservation equations for the mixture fraction and its
variance. Additional transport equations were solved for turbulence.

The continuity equation was expressed as

aa_/t)+v.(pg):0 [6.2.1]

and the momentum equation was

%(pﬁ)w (p0D)=-VP+V-(T)+ pg [6.2.2]

where P was the static pressure and 7 is the stress tensor term. Pg was the gravitational

body force. In this study, the gravity was only in the Z direction.

6.2.1 The Standard k-g Model

Besides the continuity, momentum and energy equations were solved, and additional
equations were solved to take turbulence into account. Two-equation models were used
in this study, in which the solution of two separate transport equations allowed the
turbulent velocity and length scales to be independently determined. The Launder and
Spalding (Launder and Spalding, 1972) standard k-& model was applied in the study. This
model was a semi-empirical model with commonly acceptable empirical constants listed

in equation 6.2.13.

6.2.2 Transport Equations for the Standard k-¢ Model

The following two transport equations calculate the turbulence kinetic energy k, and the

dissipation rate, €.
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—a-—(pl()+i(pkui):—a—|:(,u+&)a—’(:|+Kk +K, - pe [6.2.3]
t ; o, ) Ox;

0 0 0 /AR £ g’
— —_— )=— —|—+C,. —K, +K, K, |-C, p— 6.2.4
af (pg)+ BX- (pguz) ax [(/’l + O_E ] axj :’ ie K( k + 3¢ b) 2£p K [ ]

i j
In the above equations, Ky is the generation of turbulence kinetic energy due to the mean
velocity gradients. The formulation for production of turbulence kinetic energy, Kj is
shown in Equation 6.2.6. K, is the generation of turbulence kinetic energy due to

buoyancy, calculated as described in 6.2.10. C,, C,, C,, are constants listed in 6.2.13.

o, and o, are the turbulent Prandtl numbers for x and &.

.
K, =—puwu, — [6.2.5]
ox;
To evaluate Ky in a manner consistent with the Boussinesq hypothesis,
K, =4S? [6.2.6]
where § is the modulus of the mean rate-of-strain tensor, defined as
S=.25.8 [6.2.7]

6.2.3 Effects of Buoyancy on Turbulence in the k-¢ Models

Due to the temperature gradient in the flow, the k-€ models in FLUENT account for the
generation of k due to buoyancy (K, in Equations 6.2.5), and the corresponding

contribution to the production of € in Equations 6.2.4.

M, oT
K, =f¢g—"—— 6.2.8
» =P Pr, dx, [ ]

Pr; is the turbulent Prandtl number for energy and g is the component of the gravitational

vector in the z direction. The value for Pr; is set to 0.85.
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5= _l[.@ﬂj [6.2.9]
p

For ideal gases, Equation 6.2.6 reduces to

MU, dp
K, =—g——" 6.1.10
b gpPrt ox, [ :

Buoyancy only occurs in z direction. Thus, Cs, was used to ensure that (Henkes et. al,

1991):

w

C,, = tanh [6.2.11]

u;
w is the z-velocity (parallel to gravity) and u; is the other two velocity components

respectively. Hence, Cs. only equals to one when the flow is parallel to z direction and it

is zero when the flow is in the other two directions.

6.2.4 Modeling the Turbulent Viscosity

The turbulent viscosity is defined by combining k and €. (Launder and Spalding, 1974)

U, =pC, - [6.2.12]

The following are the commonly used model constants C,, C,, C,,0, ando, (Launder

and Spalding, 1974, Peters 2000):

C,. =144
Cpe=1.92
C, =0.09
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o,=13 [6.2.13]

The constants in 6.2.13 have been determined from experiments with air and water for
fundamental turbulent shear flows. They have been found to work fairly well for a wide
range of wall-plane jet and mixing layers. Unfortunately, there are no exact constants for
C,,and C# for the current study; they are both functions of the flow. However, the
variations are small, and the values given in 6.2.11 are nearly always applicable for most
problems. (Launder and Spalding, 1974) Furthermore, FLUENT only allows input of

constants for C,, and C,,.

6.3 Energy Equation

The energy equation is defined as

d d 0 oT
—\oE )+ —|u\pE + P)|=— — |+ S 6.3.1
2 pe)elalo s =3y 35, 6.1

t J

The effective thermal conductivity is given by

C, M,
=K+ 6.3.1
o Pr [ ]

1

K

The value of the turbulent Prandtl number in this study is 0.85, which is a commonly
used number in combustion problems. S; is the source of energy due to chemical reaction,

which is defined below

S, :—Z(%+ [ cpt_dT}Ri [6.3.1]

ref

h; and R; are the enthalpy of formation and the volumetric rate of creation of species i.
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6.4 Equilibrium Mixture Fraction/PDF Model

The non-premixed modeling approach involves the solution of transport equations for
one or two conserved scalars (the mixture fractions). Equations for individual species are
not solved. Instead, species concentrations are derived from the predicted mixture
fraction fields. The thermochemistry calculations are preprocessed in prePDF and
tabulated for look-up in FLUENT. Interaction of turbulence and chemistry is accounted
for with a probability density function (PDF). Flow Chart 6.1a and b show the calculation

process.

6.4.1 Advantages of the Non-Premixed Approach

The PDF modeling for non-premixed combustion has been proven well for the simulation
of turbulent diffusion flames with fast chemistry. This model is able to accommodate
intermediate (radical) species prediction, dissociation effects, and rigorous turbulence-
chemistry coupling. This method is computationally efficient; the solution of a large

number of species transport equations is not required.

6.4.2 Definition of the Mixture Fraction

Since this is a turbulent combustion study, the molecular transport is less important than
the turbulent transport. Hence, the mixture fraction method holds good because all the
species share the same diffusion coefficient. Mixture fraction is defined as the mass
fraction of both burnt and unburnt fuel stream elements. In fact, it is the elemental mass
fraction that originated from the fuel stream. The mixture fraction is written in terms of

the atomic mass fraction as (Sivathanu and Faeth, 1990)
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f__ Ya_Ya,air [641]
Y., -Y o

a,F a,air

Y, is the elemental mass fraction for some element, & The subscript air and F represent
the value at the air stream inlet and the value at the fuel stream inlet, correspondingly. If
the diffusion coefficients for all species are equal, then the equation 6.4.1 is identical for

all elements, and the mixture fraction definition is unique. This mass fraction includes all

elements from the fuel stream, including inert species N that is mixed with the fuel.

6.4.3 Transport Equations for the Mixture Fraction

The species equations were reduced to a single equation for the mixture fraction, f
because of the assumption of equal diffusivity for all species. The assumption of equal
diffusivity is generally acceptable for turbulent flows where turbulent convection
overwhelms molecular diffusion, though it is problematic for laminar flows. f is a
conserved quantity. The mean (time-averaged) mixture fraction equation is (Jones and

Whitelaw, 1982)

O (7)+V-(oif)=v.[ Hovi
—é;(pf)+V-(pvf)—V (0, ij [6.4.2]

Also, the mean mixture fraction variance,

%[pﬁ)ﬂ-(pﬁf"z]=V-[§—iVF]+cgﬂ,(V2f)—cdp-’i—P [6.4.3]
f'=f-f [6.4.4]
o = 0.85
Cy =2.86
Cy=2.0 [6.4.5]
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The mixture fraction modeling approach is capable of reducing the chemistry model to
one conserved mixture fractions. With adiabatic condition assumption, all the
thermochemical scalars (species mass fraction, density, and temperature) are uniquely
related to the mixture fraction. At each location in the flow field, the instantaneous
mixture fraction value was used to compute the instantaneous values of individual species
mole fractions, density, and temperature. ¥; was used to represent the instantaneous

species mass fraction, density, or temperature,

v, =y, (f.H) [6.4.6]

H =Y mH, = ij|: f ¢, dT +h (T, )} [6.4.7]

ref ,i
The y; relation with the temperature, species mass fraction and density depends on the

chemistry model used. In this study, the equilibrium model was selected to perform the

calculation.

6.5 Equilibrium Model

The equilibrium model assumes that the chemistry is rapid enough for chemical
equilibrium to always exist at the molecular level. This model was used to calculate the
flame temperature and the mole fraction of the products species. With the computed
mixture fraction (f), the individual species mole fractions were calculated using an
algorithm based on the minimization of Gibbs free energy. (Kuo, 1986) The information
of the detailed kinetic data (eg. CHEMKIN data) is not required in this model.

Furthermore, it can also predict the formation of intermediate species.
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6.5.1 Derivation of Mean Scalar Values from the Instantaneous Mixture Fraction

The probability density function p(f), describing the temporal fluctuations of f in the
turbulent flow, has the very beneficial property that it can be used to compute time-
averaged values of variables that depend on f. Time-averaged values of species mole

fractions and temperature can be computed (in adiabatic systems) as

7, = [ p(rw(F)df

[6.5.1]

A presumed B-function was used to compute the probability density function. The B-
function has been broadly applied for the computation of probability distribution of the
mixture fraction in many turbulent mixing and turbulent diffusion combustion models in

the literature (Landenfeld et al., 2002; Liu et al., 2002).

__ S 6.5.2
p“)jﬁ%pﬁ“# [6.5.2]
a=f f(l__f)q [6.5.3]

f‘2
B=(- { (1__f)—1 [6.5.4]

With the assumption of adiabatic condition, all the thermochemical scalars (species mass
fraction, density, and temperature) are uniquely related to the mixture fraction. At each

location in the flow field, the instantaneous mixture fraction value was used to compute
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the instantancous values of individual species mass fractions, density, and temperature.
An equilibrium chemistry model, which assumed a rapid reaction, was used to calculate
the flame temperature and the products species. With the computed mixture fraction, f,
the individual species mole fractions were calculated using an algorithm based on the
minimization of Gibbs free energy. (Kuo, 1986) The reactant species from the fuel stream
and the oxidizer stream were C3Hg, Hp, air (21% O, and 79% N, by volume) and the
additional N, from the fuel dilution. The presumed products species were CO,, CO, H,O

(gas and liquid), C, CH, O, H, and OH.

6.6 Computational Facility

A computational fluid dynamics software, FLUENT was used to perform the numerical
analysis for this study. The software IDEAS was used to generate the 3-D domain for
cross-flow flame computation. Gambit grid generation software was used to generate the
2-D domain for quiescent flame computation. A Pentium IV 1.8 GHz workstation was

used for the computation.

6.7 Boundary Conditions

Figures 6.3a and 6.4 show the definition of the boundary condition of the domain
for both the cross-flow and the quiescent computation. The 3-D domain was modeled
exactly as the (half of) test section of the combustion wind tunnel. The value of the cross-
flow velocity and the jet exit velocity and fuel properties were all taken from Chapter IIIL.
The entire boundaries were well defined except for the outlet of the domain. The test

section outlet was defined as the outflow plane, where the diffusion flux normal to the
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exit plane is defined as zero. The condition of the outflow plane was extrapolated from
the domain and has no effect on the upstream flow. The extrapolation was performed in

the manner that is consistent with the fully developed flow.

6.8 Grid Generation and Validation

The flame symmetry plane is at the x-z plane. Hence, a three-dimensional domain with
half of the test section (x-z symmetry plane) was created. Several different grid sizes
were selected to perform on a benchmark problem. The domain that has the finest grid
size, has the most efficient computation time, and produced the most accurate result was
selected for the computation of the problem. A benchmark problem was selected from
Goh and Gollahalli (2000) cross-flow flame study. The grid was generated on IDEAS
grid generation software. Several different grid sizes were tried on a benchmark problem.
Five different grid sizes for the 3-D domain were tried, and their sizes are shown in Table
6.1. The comparison of the axial temperature solution with different grid sizes is shown
in Figure 6.1a. Grid E was selected for the computation because further refining the grid
(grid A to D) did not make a significant difference in the result. However, further
coarsening grid caused a griding problem at the burner exit region. The software had a
problem generate grid at that coarsen value. After the solution was converged, the grids
were further refined. The grid refinement process was based on the temperature solution.
The grids with the temperature gradient of 0.02 (d7/dV) and above were refined.
Temperature gradients of 0.02 and above were selected because refinement of grid of any
gradient that was lower than 0.02 produced insignificant changes in the result. The results

of the comparison is shown in Figure 6.2 and Table 6.2 listed the size of the domain. The
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number of grids involved in the refinement is inversely proportional to the temperature
gradient selected. Thus, the highest temperature gradient that produced insignificant
changes was selected to avoid an increase of unnecessary grids in the domain. After the
grid refinement, the computation was continued until the solution was converged. Figure
6.3b shows the domain of x-z symmetry plane for 100% CFMFR condition after grid
refinement. This grid refinement process was performed using the FLUENT grid
adaptation function.

The comparison of the solution from the model with the benchmark problem is
shown in Figure 6.1b. All the computational results match relatively well with the

benchmark experimental results.

6.9 Converging Criteria

At the end of each iteration, the residual sum for each of the conserved variables is
computed and stored. The solution converges when the residuals reach a certain value.

6.9.1 Definition of Residuals

After discretization, the conservation equation for a general variable ¢ at a cell P is

defined as
app = a8, +b [6.9.1]
nb

The coefficients ap and ay;, are the center coefficient and the influence coefficients for the

neighboring cells. b is the contribution of the constant part of the source term S, in

§=S.+Spg and of the boundary conditions. In Equation 6.9.1, ap is defined as

ap=Y a,—S, [6.9.2]
nb
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The residual is defined as the imbalance in Equation 6.9.1 totaled over all the

computational cells P.

R’ = Z}JZ%M/’M) +b—a,p, [6.9.3]

cellsP| nb
It is easier to judge the convergence with a scale residual. The residual was scaled using a
scaling factor representative of the flow rate through the domain. The scaled residual is
defined as

ZJZ A, P +b—a,dp
R¢ — cellsP| nb [694]

Z|"P¢Pl

cellsP

For example, the momentum equations denominator term ap@p is replaced by apvp, where
vp is the magnitude of the velocity at cell P.

To check for convergence, the comparison of current iteration with the previous was
calculated through the normalization of the residual. Normalization of the residual was
calculated by dividing the current iteration residual by the maximum residual value after

5 iterations

_ RS
R¢ — iteration N [695]

C
iteration S

The defined normalized residuals for all the parameters are given in Table 6.3.
6.10 2-D Modeling

The modeling for the quiescent condition flame was a simplified version of the 3-
D modeling that was discussed above. The formulation and the theory can be referred

from the FLUENT 6.0 manual (FLUENT, 2001).

6.11 Results and Discussion
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The results for the quiescent condition flame are presented in Figures 6.5 to 6.8
for 10%, 30%, 60%, and 100% CFMEFR flames. The model described above performed
relatively well for the highly turbulent flames. The comparability of the numerical and
the experimental results improves as the turbulence intensity increases. The 10% CFMFR
flame was a laminar flame (refer to Figure 3.56a). Since the model is based on turbulent
flow, none of results (temperature and species) in the 10% CFMFR flame condition,
Figure 6.5 d, 6.6b, 6.7b, and 6.8b show a good match. Hence, the flame results of this
condition (10% CFMFR) in the cross-flow condition will not be presented. Since the
numerical results do not add on to further discussion to the main objective of this study,
the laminar case results will not be discussed in this chapter. The main objective of the
numerical study is to find the most appropriate model that is able to simulate the flame
for a practical application. The common application of cross-flow flame is normally in a
turbulennt condition. The most appropriate application for this study is flare, which is a
highly turbulent flame. Hence, the current model provides a relatively good
representation and a basis for the application purpose. Overall the model gives a good
basis for future study. A number of recommendations for the improvement of the model

will be given in Chapter VIL

6.11.1 Quiescent Condition Flame

The numerical temperature results showed that the flames were narrower than the
experimental results. This observation was mainly caused by the assumption of rapid
reaction in the equilibrium model. In the Sivathanu and Faeth (1990) study, the numerical

temperature data based on the equilibrium model departed from the experimental results

274



when the stoichiometric ratio was not close or equal to unity. Hence, the numerical
results in this study were closely matched to the experimental results at high flame
temperature region, where the flame stoichiometry was close to unity. At the region of
75% flame length, the numerical temperature results were lower than the one in
experimental. Other than the numerical flame being narrower than the experimental, it
was also shorter than the experimental flame. Hence, the 75% of the visible flame length
in the experimental was not the 75% flame length for the numerical. Since the physical
flame length from the experimental result were applied for numerical (for the location of
25%, 50% and 75% of flame height), most of the results shown were slight displaced
downstream, especially at the 75% flame length location. The quiescent flame
temperature results showed that the temperature matched well with the experimental
results as long as the flame was in low soot concentration and high turbulence intensity.
Figure 6.5a shows that the temperature profile of the computation results for the 100%
CFMFR matched well with the experimental results for all three flame height locations.
The 60% CFMEFR computational results in Figure 6.5b show that the flame
temperature profile at 50% of the flame height was higher and narrower than the
experimental profile. The difference was mainly because the equilibrium model did not
take into account of soot particle growth and buildup, although the model took into
account the solid carbon formation. The soot concentration results in Chapter IV (Figure
4.13) showed that the soot concentration for the 60% CFMFR was highest at 50% flame
length location. Furthermore, the model assumed an adiabatic flame condition. As a
result, the radiative heat loss by the soot particles in the experimental flame was not

accounted for in the computation, which resulted in higher computed flame temperature
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in high soot regions. The overestimation of the temperature caused the overestimation of
CO, (Figure 6.7a) at 25% and 50% of the flame length. At 75% of the flame length, the
computed CO; is lower than the experimental result. The reason was explained above.

At 75% of the flame height, all flame conditions (including the cross-flow flames)
showed a lower temperature than the experimental. In a turbulent diffusion flame, the
soot particle dominated the oxidation process at this region. Furthermore, the smoke point
flame had significantly higher soot concentration than a non-smoking flame. Hence, the
computed temperature results at this region were lower than the experimental results.

The O, results for the 100%, 60% and the 30% CEFMFR case matched well within
the experimental results (Figure 6.6a and 6.6b), especially at the 25% and 50% flame
height region. The concentration of O, in the numerical calculation was more diffusion
dependent, rather than temperature dependent likes the CO and CO,. Hence, the O,
concentration results were well matched with the experimental results.

The numerical results of CO concentration in Figures 6.8a and b show an
overestimation of CO concentration at high equivalence ratios and high soot
concentration regions (25% and 50% of the flame height). This phenomenon was also
observed in the Sivathanu and Faeth study (1990). At the higher equivalence ratio region,
finite rate chemistry is more significant than equilibrium prediction (Sivathanu and Faeth,
1990). Again, the nature of high soot concentration of the flame also affected the
correlation of the model in this region. There were four species in the products that
contain carbon. Since, the model did account for soot in the flame, there was an excess of

carbon in carbon-contained species.
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6.11.2 Cross-Flow Condition Flame

Figures 6.9a to 6.9¢ show the x-z plane temperature profiles on the symmetry
plane for the cross-flow conditions of 2, 2.5, 3, 3.5 and 4 m/s. Figures 6.10 to 6.24 show
the comparison of the numerical and experimental results of temperature, O,, CO,, CO
and OH (only on selected conditions) in x direction for three flame locations. Figure 6.25
to 6.28 (a and b) show the temperature profiles in x-y plane at three flame locations for
60% and 100% CFMFR at 2, 3, and 4 m/s cross-flow conditions.

Figures 6.9 a to e show the temperature profiles of the 100% (a), 60% (b) and
20% (c) CFMEFR flame at 2 to 3 m/s cross-flow, but it was 30% CFMFR instead of 20%
(c) for 3.5 and 4 m/s cross-flow cases. These temperature profiles showed that the
increase of cross-flow velocity caused the flame to become narrow and bend more toward
the x direction. The experimental results showed a non-monotonic relation of the flame
length (Figure 3.54b), and the cross-flow velocity that was mentioned in the previous
chapter, especially in the 60% CFMFR flame. The 60% CFMEFR flame results showed a
decrease of flame length from the cross-flow velocity of 3.0 m/s to 3.5 m/s (Figures 6.9c
and 6.9d). However, from the cross-flow velocity of 3.5 to 4 m/s (Figure 6.9d and 6.9¢),
the flame length showed an increase. The change of flame length for the 100% CFMFR
case is not significant. The 20% CFMFR flame also showed a decrease of flame length
from the cross-flow of 2.5 to 3 m/s (Figure 6.9b and 6.9c). The computational results of
the 30% CFMEFR flame results at 3.5 and 4 m/s (Figure 6.9d and 6.9¢) cross-flow showed
an increase of flame length. All the observations were consistent with the behavior of the

experimental flame length results shown in Figure 3.54b.
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Besides the non-monotonic relation, two observations shown in the experimental
section were also seen here in the numerical results. First, the temperature profile showed
a higher temperature at the side closer to the burner, which had also been observed in the
experimental section. Secondly, the change of flame structure from a cross-flow to a co-
flow like structure was also apparent in the numerical results. The temperature peaks
became closer together and the temperature difference became smaller as the cross-flow
increases, and it behaved almost like a co-flow condition flame. The comparison of the
numerical and the experimental results at the three cross-flow velocities is presented in
the following section.

The comparison of the temperature results (Figures 6.10 to 6.12) showed that the
experimental 100% CFMFR flame tilted more in x direction than the numerical results.
This was because at a higher momentum flux ratio flame, the flame tilted further toward
positive x direction along the flame length. Numerical flame was not long enough to
show the significant tilting. The numerical flame was shorter because the computation
did not take account of the soot oxidation. Soot oxidation required long residence time,
which caused the flame to be longer than the computational flame. Table 6.4 shows the
numerical. The numerical flame length was obtained from the temperature results with
the assumption that visible flame seizes when the soot seizes to oxide at temperatures
below 1300 (Kent and Wagner, 1984). The discrepancy between the numerical and the
experimental results increased with the decrease of turbulence intensity, which was also
the case for CO, and CO calculation.

The numerical results of O, concentration (Figures 6.13, 6.17 and 6.21) were in a

good agreement with the experimental results, except for some cases at 75% flame length
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of the 20% CFMFR flame at 2 and 3 m/s cross-flow and the 30% CFMFR flame at 4 m/s
cross-flow. Again, the results showed that the numerical flames are slightly narrower than
the experimental flames.

Figure 6.14, 6.18, and 6.22 show the CO, concentration results. Both the
numerical and the experimental results exhibited a double peak structure at 25% and 50%
flame length regions. These peaks were related to the stoichiometry of the flame. The
peaks were located at the region close to stoichiometric. On the other hand, at 75% flame
length region, the results showed only one peak. The experimental result showed that a
single peak at the 75% flame length region was mainly due to the fact that soot
concentration was high at the flame core, and the dominance of the heterogenecous
combustion of soot, and the mixing effect. However, the computational flame did not
take account of soot oxidation, so the single peak phenomenon in the computation is only
due to the mixing effect. The CO, concentration in the 75% flame length region was
higher than in the 50% region, and the 25% region had the lowest CO, concentration.
This was because CO, produced upstream was carried downstream along the flame.
100% CFMFR CO, numerical results were relatively well related to the experimental
results, especially at 25% and 50% flame length region in both 3 and 4 m/s cross-flow
flames. At 75% flame length region, the computational result underestimated the CO;
concentration. The reason for this was the same as the reason for the wider experimental
flame. The assumption of a rapid reaction may have shortened the duration for the actual
reaction process. Furthermore, the high soot concentration in the smoke point flame also
caused a problem. Soot required a longer time to be oxidized compared to other smaller

molecules. Since, the computational model did not take account of soot oxidation, the
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computational flame was shorter and narrower. The 60% CFMFR CO;, concentration
results at 2 and 3 m/s cross-flow were very well related to the experimental results,
though the experimental flame was slightly wider than the computational. The
experimental CO, concentration in 60% CFMFR flame at 4 m/s cross-flow was higher
than the computational results. The reason behind this might due to the higher soot
concentration (Figure 4.16c¢) in this flame compared to the other two cross-flow condition
(2 and 3 m/s) flames. The computational CO, concentration results of the 20% CFMFR
flame at 2 and 3 m/s cross-flow and the 30% CFMFR flame at 4 m/s cross-flow flame
matched relatively well with the experimental results, though the experimental flame was
also slightly wider. Besides the comparison of the experimental and the numerical results,
there was another interesting observation from the comparison of the 100% CFMFR
flame for the three cross-flow results. The comparison shows that the CO, concentration
profile of the 100% CFMFR flame in 4 m/s cross-flow (Figure 6.22) had a shape like a
quiescent condition flame. This again confirmed of the result of non-monotonic relation
discussed in the previous chapters.

Figures 6.15, 6.19, and 6.23 show that the numerical and experimental flames
have the peak of CO concentration at or close to the center of the flames. The
concentration profiles of CO had a bell shape or a slightly skewed bell shape. For both
flame conditions, the 25% flame length region had the highest CO concentration
followed by the 50% region and then the 75% region. The reason for this behavior was
mainly due to the availability of the O, in the flame. The numerical results overestimate
the CO concentration at the fuel rich region (middle of the flame), which has also been

observed by Sivathanu and Faeth (1990). The CO concentration only agrees in the region
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where the equivalence ratio is close to unity, which is located at the flame front. The
equilibrium model over predicted the CO concentration several times more than the
experimental value at the high equivalence ratio region. At a higher equivalence ratio
region, finite rate chemistry is more significant than an equilibrium prediction. High soot
concentration present in the flame may also affect the correlation of the model in this
region (Sivathanu and Faeth, 1990).

The OH concentration profiles in the x direction at 25% of the flame length of the
60% CFMEFR flame at 2, 3 and 4 m/s cross-flow are shown in Figures 6.16, 6.20 and
6.24. The numerical and the experimental results exhibited a dual peak structure.
However, the equilibrium model failed to predict the OH concentration up to a
satisfactory level. The reason may be that the finite rate reaction was more significant for

OH radicals than other stable species like CO; or O,.

6.12 Conclusion

In conclusion, the standard x-¢ turbulent model and the mixture fraction method
with the equilibrium model were reasonably satisfactory in predicting qualitatively the
structure of the smoke point turbulent diffusion flame in cross-flow and quiescent
conditions. However, this method cannot be applied to the laminar flame case. From the
comparison, the experimental and numerical temperature and O, concentration profiles
had shown a good agreement in most cases. The CO, concentration comparison was
relatively good for a highly turbulent flame condition, though in some cases the high soot
concentration in the experimental flame caused a discrepancy between the experimental

and the computational results. All the results showed that the numerical flame was shorter
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and narrower than the experimental flame. This was mainly due to the rapid reaction
assumption and the presence of soot in the experimental flame. Soot particles normally
required a longer time to be oxidized than other smaller molecules. Due to the
significance of the finite rate reaction and the presence of soot in the flame, the
equilibrium model did not serve well for CO concentration prediction at high equivalence

ratio regions, and it was also the case for OH concentration prediction.
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Figure 6.1a Temperature Results Comparison of Different Grid Sizes for a
Benchmark Solution at a Line at Symmetry Plane.

Table 6.1 Grid Information for Different Grid Configuration

Grid Cells Faces Nodes

A 198608 411673 40729
B 202952 420860 41727,
C 233434 483964 47923
D 288075 596879 58922
E 100279 208596 20977
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Figure 6.2 Temperature Results Comparison for Different Grid Sizes After
Grid Adaptation with Different Temperature Gradients for a Benchmark
Solution at a Line On Symmetry Plane.

Table 6.2 Grid Information for Different Grid
Configuration with Different Temperature Gradient

Temperature
Gradient Cells Faces Nodes

Before 100279 208596 20977

0.005 392326 835011 87382

0.01 317650 681117 73776

0.02 243401 523592 58306

0.03 202430 434981 48645

0.04 175809 377233 42235
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Table 6.3 Converging Criteria

Residual
Continuity| 1.00E-05
x-velocity | 1.00E-06
y-velocity | 1.00E-06
z-velocity | 1.00E-06
K 1.00E-05
epsilon 1.00E-05
f mean 1.00E-05
f variance 1.00E-05

Table 6.4 Numerical Flame Lengths

Cross-Flow Numerical
Velocity m/s ICFMFR |Flame Length (cm)
Quiescent 100% 44
60% 32.7
30% 23.2
2 100% 20.2
60% 14.2
20%) 7.3
3 100% 20.5
60% 14.5
20% 6.5
4 100% 19.6
60% 13.2
30% 9.5
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Figure 6.9a X-Z Plane Temperature Profile at 2 m/s Cross-Flow Condition for
100% (a), 60% (b), and 20% (c) CFMFR
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Figure 6.9b X-Z Plane Temperature Profile at 2.5 m/s Cross-Flow Condition for
100% (a), 60% (b), and 20% (c) CFMFR
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S5 60 cm

Figure 6.9¢ X-Z Plane Temperature Profile at 3 m/s Cross-Flow Condition for
100% (a), 60% (b), and 20% (c) CFMFR

Figure 6.9d X-Z Plane Temperature Profile at 3.5 m/s Cross-Flow Condition for
100% (a), 60% (b), and 30% (c) CFMFR

302



OO cm

Figure 6.9¢ X-Z Plane Temperature Profile at 4 m/s Cross-Flow Condition for
100% (a), 60% (b), and 30% (c) CFMFR
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Figure 6.10 Comparison of In-Flame Temperature for Model and Experimental
Results At 2.0m/s Cross-Flow at the Three Flame Locations (25%, 50%, and
75% of Flame Length) for (A)100%, (B) 60%, and (C) 20% CFMFR.

304



25% Num
O 25%Exp
— = 50% NUM
o 50% Exp
75% Num

A 75% Exp A

0.15 0.2
25% Num
0 25% Exp
— = =50% Num
¢ 50% Exp B
75% Num
A 75% EBExp
O T T T
0.15 0.2
25% Num C
o 25% Exp
v s 50% Num
¢ 50% Exp
75% Num
A 75% EBExp
0 T T ]
0 0.05 0.1 0.15 0.2

X (m)
Figure 6.11 Comparison of In-Flame Temperature for Model and Experimental
Results At 3.0m/s Cross-Flow at the Three Flame Locations (25%, 50%, and
75% of Flame Length) for (A)100%, (B) 60%, and (C) 20% CFMFR.

305



1800 - 25% Num
1600 - S o 25% Exp
<1400 & o 3 — — 50% Num
©1200 - & ; o 50% Exp
';'_: 1000 - - 75% Num A
& 800 | A 75%Exp
§ 600 -
400 -
200
0 ‘ 1 .
0.15 0.2
25% Num
0 25% Exp
2 — = 50% Num
g o 50% Exp B
® 75% Num
8 A 75% Exp
£
2
0 i . 1
0.15 0.2
25% Num
o 25% Exp C
% =— = 50% Num
3 ¢ 50% Exp
g 75% Num
g A 75%Exp
[t
0.1 0.15 0.2

X (m)

Figure 6.12 Comparison of In-Flame Temperature for Model and Experimental
Results At 4.0m/s Cross-Flow at the Three Flame Locations (25%, 50%, and
75% of Flame Length) for (A)100%, (B) 60%, and (C) 30% CFMFR.

306



N
[é)]

9
520
Z 25% Num
515 o 25% Bxp
® — — 50% Num
et
£10 o 50% Exp A
O
c 75% Num
Q 5
o A& 75% Exp
o
0 T T ] T
0 0.05 0.1 0.15 0.2 0.25
X Location (m)
25
B
S 20 |
b 25% Num
6 15 1 o 25% Exp
= <
g — = 50% Num
= B
c 10 4 o,
8 ©®  50% Exp
h O
s 5 75% Num
§ } A 75%Exp
O 1 1 T
0 0.05 0.1 0.15 0.2
X Location (m)
25
b
o
= ;
c 25% Num
2 o 25% Exp
[+
_.E —_— = 50% Num C
8 o 50% Exp
[ e
8 75% Num
o A 75% Ex
) XP |
0 T T T
0 0.05 0.1 0.15 0.2

X Location (m)

Figure 6.13 Comparison of In-Flame O, Concentration for Model and
Experimental Results At 2.0m/s Cross-Flow at the Three Flame Locations (25%,
50%, and 75% of Flame Length) for (A) 100%, (B) 60%, and (C) 20% CFMFR.

307



L)
ES
- 25% Num
o
2 B 25% Exp
g = 50% Num
® & 50%Exp
§ 75% Num
5 A 75% Exp
O
o A
(@]
o
0 0.05 0.1 0.15 0.2 0.25
X Location (m)
o
o
°\_ 9 - 25% Num
é 8 - b 25% Exp
g 7 — — 50% Num
= 6 & 50% Exp
£ i | 75% Num
S 4.
2] A 75%Exp
c 3
S 2
o~ S B
g1
0 =
0 0.15 0.2
~ 10
R g
3 8. 25% Num
= 7 o 25%Exp
c i3
S 6 o — = 50% Num
et
8 51 o7 ©  50%Exp
§ 4 1 75% Num
5§ 3 A 75%Exp C
O 2- —
N 14
O
© 9 . :
0 0.1 0.15 0.2

X Location (m)

Figure 6.14 Comparison of In-Flame CO, Concentration for Model and

Experimental Results At 2.0m/s Cross-Flow at the Three Flame Locations (25%,
50%, and 75% of Flame Length) for (A) 100%, (B) 60%, and (C) 20% CFMFR.

308



Q 25% Num
° o 25% Exp
E e e 50% Num
2 o 50% Exp
.g 75% Num
c
] & 75% Ex
g 2 A
Q
O
(o]
o ¥ i A B A
0 0.05 0.1 0.15 0.2
X Location (m)
- 16
0\° 14 .
- 25% Num
Q124
Z o 25% Exp
§ 10 1 —_— = 50% Num
g 8 & 50% Exp
§ 6 - 75% Num B
S 4- A 75%Bxp
(&]
Q 27
O
0 64 :
0 0.05 0.1 0.15 0.2
X Location (m)
16
o
& 14 1 25% Num
é 12 ] o 25% Exp
— e 50% Num
§ 10 - .
-§ 8 | > 50% Exp
= 75% Num
g 61 ’ C
Q A 75% Exp
Q 4
(& ]
Q 21
O
0 1 T T
0 0.1 0.15 0.2

X Location (m)

Figure 6.15 Comparison of In-Flame CO Concentration for Model and
Experimental Results At 2.0m/s Cross-Flow at the Three Flame Locations (25%,
50%, and 75% of Flame Length) for (A) 100%, (B) 60%, and (C) 20% CFMFR.

309



1.80E-05

1.60E-05 -
1.40E-05 -
1.20E-05 -
1.00E-05 -
8.00E-06 -
6.00E-06 -
4.00E-06 -
2.00E-06 -
0.00E+00 +5ia

OH (mole/m*3)

Figure 6.16 Comparison of In-Flame OH Concentration for Model and
Experimental Results At 2.0m/s Cross-Flow, 60% CFMEFR, 25% of the Flame

0

0.02

—— Numerical
o Experimental

0.04

0.06
X (m)

Length.

0.08

0.1

0.12

310



25

02 Concentration (Vol. %)

25

—
o

02 Concentration (Vol. %)
[6)]

o

25

02 Concentration (Vol. %)

o

25% Num
2 25% Exp A
— o 50% Num
¢ 50% Exp
75% Num
& 75% Exp
T
0.15 0.2
25% Num
. o 25% Exp B
— e 50% Num
i ¢ 50% Exp
i 75% Num
& 75% Exp
0 A 0.15 0.2
X Location (m)
25% Num
o 25%Exp C
s s 50% Num
& 50% Exp
75% Num
A 75% Exp
0 0.15 0.2

X Location (m)

Figure 6.17 Comparison of In-Flame O, Concentration for Model and

Experimental Results At 3.0m/s Cross-Flow at the Three Flame Locations (25%,
50%, and 75% of Flame Length) for (A) 100%, (B) 60%, and (C) 20% CFMFR.

311



~ 10
(]
& 9 25% Num
9 81 oo o 25% Exp
<~ 4 o &
p 7 RPN og — e 50% Num
4 o o
2 6 o OV 0 o 50% Exp
© B s
£ i 75% Num
8 A 75%Exp
S 3-
o
o 2
N
3
0 T T T 1
0 0.05 0.1 0.15 0.2
X Location (m)
~10
X g
- 25% Num
° 8 .
> 2 o 25% Exp
§ 6. — — 50% Num
§ 5 | ¢ 50% Exp
§ 4 75% Num
€ 3- & 75% Exp
o
O 2-
N 1 =
3
0
0 0.15 0.2
X Location (m)
9
g 25% Num
g o 25% Exp
'g, — — 50% Num
‘g‘ & 50% Exp
2 75% Num
3 A 75% Exp
N
3
0.1 0.15 0.2

Figure 6.18 Comparison of In-Flame CO, Concentration for Model and
Experimental Results At 3.0m/s Cross-Flow at the Three Flame Locations (25%,
50%, and 75% of Flame Length) for (A) 100%, (B) 60%, and (C) 20% CFMEFR.

X Location (m)

312



- 16
3 14 | 25% Num
é 12 | 1 25% Exp
— — 50% Num
S 10 -
- & 50% Exp
@ 8-
= 75% Num
[ 6 -
] A 75%Exp A
c
o 41
(&)
0 2
(&)
O 1 U
0 0.15 0.2
16
R 44 25% Num
s 0 25%EBxp
> 12 -
— v 50% Num
c .
0 10 & 50% BExp
L~
g 8 75% Num
§ 6 - A 75%Exp B
S 4
(&
0 2
(8]
0 1 = " T
0 0.05 0.1 0.15 0.2
X Location (m)
.16
32
(_)' 25% Num
> o 25%Exp
§ — — 50% Num
- 0,
J o 50% Exp C
5 75% Num
e A 75%Exp
o
O
O
O
0.1 0.15 0.2

X Location (m)

Figure 6.19 Comparison of In-Flame CO Concentration for Model and
Experimental Results At 3.0m/s Cross-Flow at the Three Flame Locations (25%,
50%, and 75% of Flame Length) for (A) 100%, (B) 60%, and (C) 20% CFMFR.

313



4.50E-05
4.00E-05 1 ' —__ Numerical

3.50E-05 - o o Experimental

3.00E-05 -
2.50E-05 A
2.00E-05 -
1.50E-05 -
1.00E-05 -
5.00E-06 -

0.00E+00 crmamnesiymmiites
0 0.02 0.04 0.06 0.08 0.1

X (m)

OH (mole/m~3)

Figure 6.20 Comparison of In-Flame OH Concentration for Model and
Experimental Results At 3.0m/s Cross-Flow, 60% CEMFR, at 25% of the Flame
Length.

314



9
3 20 -
2
c 25% Num
9 15 -
= 1 25% Exp
?, 10 ] g R — — 50% Num A
g ! o 50% Exp
3 5. s A 75% Num
pd A ©
o all 4 o & 75% Exp
0 T n “ 3 1
0 0.05 0.1 0.15 0.2
X Location (m)
25
S
3 20
= 25% Num
6 15 o
"3 o 25% Exp B
o — — O,
% 10 50% Num
Q ©  50% Exp
g 5 75% Num
(&)
N A 75% Exp
O
0 T T
0.1 0.15 0.2
X Location (m)
25
X 25% Num
5 20 1 o 25% Exp
i’ — = 50% Num
g 197 o 50% Exp C
g 10 75% Num
8 A 75% Exp
c
3 5-
o
(o]
0 T T T
0 0.05 0.1 0.15 0.2

X Location (m)
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Figure 6.22 Comparison of In-Flame CO, Concentration for Model and
Experimental Results At 4.0m/s Cross-Flow at the Three Flame Locations (25%,
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Figure 6.23 Comparison of In-Flame CO Concentration for Model and
Experimental Results At 4.0m/s Cross-Flow at the Three Flame Locations (25%,
50%, and 75% of Flame Length) for (A) 100%, (B) 60%, and (C) 30% CFMEFR.
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Figure 6.26a 100% CFMFR Flame x-y Plane Temperature Profiles at 2 m/s Cross-Flow for
Three Flame Locations
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Figure 6.26b 60% CFMFR Flame x-y Plane Temperature Profiles at 2 m/s Cross-Flow
for Three Flame Locations
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Figure 6.27a 100% CFMFR Flame x-y Plane Temperature Profiles at 3 m/s Cross-Flow
for Three Flame Locations
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Figure 6.27b 60% CFMFR Flame x-y Plane Temperature Profiles at 3 m/s Cross-Flow
for Three Flame Locations
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Figure 6.28a 100% CFMFR Flame x-y Plane Temperature Profiles at 4 m/s Cross-Flow
for Three Flame Locations

Figure 6.28b 60% CFMFR Flame x-y Plane Temperature Profiles at 4 m/s Cross-Flow
for Three Flame Locations
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Chapter VII

Overall Discussion, Conclusions and Recommendations

7.1 Chemical and Momentum Effect

The temperature results in Chapter III show a conspicuous dual peak structure in
the 25% and the 50% flame length regions for the chemically-dominated and the
transition flames, which are at 10% and 20% CFMER for the 2 and 3 m/s cross-flow and
10% and 30% CFMEFR for the 4 m/s cross-flow. However, in the momentum-dominated
flames, which are the 60% and 100% CFMFR flames, the dual peak structure does not
exist. It is well known that the reaction zone in the laminar diffusion flames is clearly
defined by the twin peaks. This indicates that the chemically-dominated flames was
similar to laminar diffusion flames and the heat release and reaction process were
dominated by chemical reaction rate rather than by the an diffusion rate from the
surroundings. In the momentum-dominated flames, the reaction zone is not as sharp as in
the chemically-dominated flame due to strong entrainment and diffusion from the
surroundings, which are similar to a turbulent diffusion flame. The same observation can
also be made from the in-flame CO, and NO concentration profiles.

The quiescent flames soot concentration profiles presented in Chapter IV show
that the reduction of the jet flow rate from 100% to 60% CFMFR, which was
accompanied by a reduction in turbulence intensity, increased the overall soot
concentration. Hence, it can be concluded that the momentum decrease dominated the

soot oxidation rate in these two flames. However, the comparison of the 30% and 10%
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CFMEFR flames showed that the overall flame soot concentration was lower for the 10%
CFMFR flame. Hence, the chemical effect dominated the 10% CFMFR flame. The
decrease of mixing rate caused by the decrease of flow rate from 30% to 10% CFMFR
showed the opposite behavior accompanying the decrease from 100% to 60% CFMFR; in
this case, the mixing rate decrease led to the overall decrease of soot concentration.
Hence, the momentum and mixing effects were not dominant in the 10% CFMFR flame,
where as the opposite was true in the 60% CFMFR flame.

The comparison of the importance of OH and the O, on soot oxidation presented
in Chapter V shows the reason for the division of the chemically and momentum
dominate region. In a chemically dominated flame, the OH radical dominates the soot
oxidation process for the entire the flame. However, the momentum dominated flame
shows OH oxidation of soot only up to (or slightly above) 25% of the flame length and
the rest of the flame O, dominated the soot oxidation. Since OH is chemical reaction rate
dependent and O, is diffusion rate dependent, the distinct between the chemical and

momentum effect was clearly shown.

7.2 Cross-Flow Effect

The results in Chapter III show the first sign of the non-monotonic relation
of the flame length and the cross-flow velocity. The flame length decreased with the
increase of the cross-flow velocity from 2 to 3 m/s. However, the flame length increased
when the cross-flow velocity was increased from 3.5 to 4 m/s. These higher cross-flow
velocity flames (3.5 and 4 m/s) started to behave like a co-flow flame, which caused the

decrease of the mixing rate, and the increase of the residence time and the flame length.
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The results from Chapter III, IV and V were incorporated in the following discussion to
further understand of this behavior in depth. The discussions were categorized into three
separate regions; the momentum-dominated region, the transition region, and the

chemically-dominated region.

7.2.1 Momentum-Dominated Region Flame (60 % and 100% CFMFR Flame)

The comparison of the relative LIF signal for the 60% and 100% CFMFR flames
at different cross-flow velocities shows that the OH concentration dropped with the
increase of cross-flow velocity. This was due to the non-monotonic relation mentioned in
the previous paragraph. The increase of cross-flow velocity from 2 to 3 m/s increased the
soot oxidation rate in the 25% flame length region. The results presented in Chapter III,
Figure 3.42b and 3.46b (60% CFMFR), 3.42a and 3.46a (100% CFMFR) show that the
CO; concentration at 25% of the flame length was higher at 3 m/s than at 2 m/s cross-
flow velocity. The higher OH concentration present in this region (Figure 5.10b and
5.11b, 60% CFMFR; Figure 5.8, 100% CFMFR) in the 3 m/s cross-flow flame oxidized
higher amount of soot precursors than in the 2 m/s cross-flow flame before more soot
particles could be formed or travel downstream. Furthermore, at 25% of the flame length,
the 3 m/s cross-flow flame behaved more like a partially premixed flame because it had
significantly lower CO concentration (Figure 3.45b, 60% CFMFR; Figure 3.45a,
100%CFMFR) and higher flame temperature (Figure 3.26b, 60% CFMFR; Figure 3.26a,
100% CFMFR) than in the 2 m/s cross-flow flame (Figure 3.41b and 3.25b, 60%

CFMFR,; Figure 3.41a and 3.25a, 100% CFMFR).
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When the cross-flow velocity was increased from 3 to 4 m/s, the change of the
flame structure (to co-flow-like) caused the 100% CFMFR flame at 4 m/s cross-flow to
have higher CO (Figure 3.45a and 3.49a) duc to decreased air entrainment. However, in
the 60% CFMFR flames, CO concentration magnitudes are about the same at both cross-
flow velocities (3 and 4 m/s). The 100% and 60% CFMFR flames at 4 m/s cross-flow
show lower CO, concentration (Figure 3.46b and 3.50b, 60% CEFMFR; Figure 3.46a and
3.50a, 100% CFMFR) at the 25% and 50% of the flame length than in the flame in 3 m/s
cross-flow. This shows that the 4 m/s cross-flow flame had a lower oxidation rate than

the 3 m/s cross-flow flame.

7.2.2 Transition Region Flame (20% CFMFR Flames for 2 and 3 m/s Cross-Flow

and 30% CI'MFR for 4 m/s Cross-Flow)

The CO concentration at 25% and 50% flame length shows that the 20% CFMFR
flame at 2 and 3 m/s cross-flow had almost the same magnitude at the corresponding
location. The soot concentration profiles show that the 20% CFMFR flame at 2 and 3 m/s
cross flow velocities (figure 4.14b and 4.15b) had a comparable amount of soot
concentration at corresponding location. However, at the 75% flame length, the 3m/s
cross-flow flame had a significantly lower CO concentration than 2 m/s. In this flame
region, the 2 m/s cross-flow flame had a higher soot concentration than the 3 m/s cross-
flow flame. The higher soot concentration at 75% flame length in the 2 m/s cross-flow
flame is the main reason for higher CO concentration. The transition point for the 4 m/s
cross-flow was 30% CFMFR, which had a higher fuel flow rate than the other two cross-

flow cases (2 m/s and 3 m/s). From the comparison, the 4 m/s cross-flow flame had
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higher CO concentration than the 2 and 3 m/s cross-flow flames for all flame location,
except for the 25% flame length, where all the CO concentration results are comparable.
Beside the reason that the 4 m/s flame at this CFMFR had higher fuel flow rate, the low
mixing rate (due flame acting like that in a co-flow) might also be a cause of the higher
CO production rate.

The CO, concentrations of the 2 and 4 m/s cross-flow flames were comparable.
Overall, the 3 m/s cross-flow flame CO, concentration was also comparable with 2 and 4
m/s cross-flow flames except at the 75% flame length, where the CO, concentration in 3
m/s cross-flow flame was lower; and all these profiles did not exhibit a dual-peak
structure. The low CO, concentration of the 3 m/s cross-flow flame at 75% flame length
might be due low oxidation rate because the soot concentration in this region was
significantly low compared to that at the other two cross-flow velocities (since soot
oxidation dominate the reaction at this region, Figure 4.14b, 15b, 16b).

The overall flame temperature in the 2 m/s cross-flow flame was lower than in the
3 m/s cross-flow flame. This might be mainly due to the reason that the 2 m/s cross-flow
flame had higher soot radiative heat loss, because it had higher in-flame soot
concentration than the 3 m/s cross-flow flame. The 4m/s cross-flow flame had higher
flame temperature the 3 m/s cross flow flame at 25% and 50% flame length, because at
these two regions, the 4 m/s cross-flow flame had a low soot concentration than in the 3
m/s cross-flow. However, at the 75% flame length, the 4 m/s cross-flow flame had a
lower flame temperature than in the 3 m/s cross-flow because of its higher soot

concentration at this region.
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7.2.3 Chemical-dominant region (10% CFMFR Flame)

In Chapter IV, the soot distribution profile in the 4 m/s cross-flow flame shows
that the soot was concentrated at the center of the flame rather like in a wing structure,
which was seen in soot concentration profiles at the other two cross-flow velocities. This
phenomenon indicated that the 4 m/s cross-flow flame behaved more like a co-flow
flame.

Although the 4 m/s cross-flow flame soot concentration (Figure 4.16a) was higher
than the flames at other two cross-flow velocities (Figures 4.14a and 4.15a), the
temperature of this flame (Figure 3.27d) was not significantly lower than that in the flame
at the other cross-flow velocities (Figures 3.25d and 3.26d). Since the 4 m/s cross-flow
flame behaved more like a co-flow flame, the flame cross-flow-air mixing rate was lower
than in the other flames. The lower mixing rate of the 4 m/s cross-flow flame was not
diluted keenly and maintained most of the high temperature gases in the flame (like a co-
flow flame). However, the high radiative heat loss due to high in-flame soot
concentration offset the flame temperature, which caused it to have a comparable flame
temperature with the other two flames. However, at 2 and 3 m/s cross-flow velocities the
temperature was different. The 2 m/s cross flame had an overall lower temperature than
the 3 m/s cross-flow flame. The reason was that the 2 m/s cross-flow flame had a higher
soot concentration, which resulted in a higher soot radiative heat loss. As mentioned in
Chapter III, the flame temperature profile in the 4 m/s cross-flow was narrower than the
other two cross-flow flames. The 3 m/s cross-flow flame temperature profile is the widest

among the three flames, which meant that it had the highest mixing rate. The non-
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monotonic behavior with distance from the burner was again observed in these
temperature profiles characteristic.

The order of comparison of CO concentration in the three cross-flow flames
(Figures 3.41d, 3.45d, 3.49d) was essentially the same as the soot concentration results
presented in Chapter IV, which was expected for a diffusion flame. Overall, the 4 m/s
cross-flow flame had the highest CO concentration followed by the 2 m/s cross-flow
flame, than the flame in the 3 m/s cross-flow. In a laminar flame, the increase of soot
radiative heat loss (due to higher soot concentration) causes the increase of CO
concentration in the flame, which is due to low OH production rate and oxidation rate of
CO (Garo et al., 1990). All the CO and soot concentration results showed a peak at the
center of the flame, which was expected because CO was one of the main products of
soot oxidation.

The CO; concentration profiles (Figure 3.42d, 3.46d and 3.50d) showed that the 2
and 3 m/s cross-flow flames had comparable results except at the 75% flame length
region, where the 3 m/s cross-flow flame had a higher CO, concentration. The 4 m/s
cross-flow flame had the lowest CO, concentration compared with the other two flames.
The high soot and CO concentration, and low CO; concentration showed that the 4 m/s
cross-flow flame was least effective among the three flames in terms of complete

combustion.

7.3 Computation Modeling

The standard x-€ turbulent model and the mixture fraction method with the

equilibrium model were reasonably satisfactory in predicting the smoke point turbulent
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diffusion flame in a cross-flow and a quiescent condition. The model failed to predict the
laminar flame. Hence, the laminar flame computational results were discarded.

In all turbulence flame cases, the computational and the experimental temperature
and O, concentration results showed a good agreement in most cases. At a highly
turbulent flame condition, the CO, concentration comparison was relatively good, though
in the high soot concentration region, the discrepancy between the experimental and the
computational results was significant. The numerical flame was shorter and narrower
than the experimental flame for all cases. The main reason was due to the assumption of
the rapid reaction and the present of soot in the experimental flame. The present of the
soot particle and the lower oxidation rate of the soot particle than other molecules in the
experimental flame also caused the discrepancy between the experimental and the
computational results. The significant of finite rate reaction and the presence of soot in
the flame caused the failure of the equilibrium model in predicting the CO and OH

concentration at high equivalence ratio region.

Recommendations for Future Computational Work

It is recommended that the multi-steps reaction model over the PDF model for a
laminar flame computation. Then, the individual species diffusion rate will be taken into
account. Multi-steps reaction model can also be tried on the turbulence flame to resolve
the OH radicals. However, the present of soot in the experimental flame cannot be
predicted even in the multi-steps reaction model. An advance soot modeling is
recommended for smoke point condition flames computation. The soot modeling has

been study by many researches. One of the most commonly use model is the single-step
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Khan and Greeves (1974) model, which predict the rate of soot formation with a simple
empirical rate. The two-step Tesner (1971) model is a more complicated model, which
predicts the formation of nuclei particles with soot formation on the nuclei. Both of these
soot formation models are empirically based (Magnussen and Hjertager, 1976); they are
only approximate models for the soot formation process in combustion systems.
Normally, these models are used in a post-processing, and they have nothing to do with
the detail combustion process. The soot formation chemistry and physical process are
very complex, which is still studied by many researchers. Hence, the incorporate soot

chemistry modeling into the multi-step reaction modeling posted a great challenge.

7.4 Experimental Recommendations

This study only reveals the part of soot oxidation process. In order to complete the
whole picture, the soot production part need to come into the picture. In Chapter II, the
PAH (polycyclic aromatic hydrocarbon) is one of the important key players in the soot
production process. Hence PAH measurement is recommended in the future study. PAH
was not measured in this study because there were two technical problems raised during
the attempt process. The first problem was the MOPO had problem attaining two of the
specific wavelengths for a PAH excitation (283.5 nm, 560.3 nm, 488 nm (Symth et. al,
1997)). Secondly, the noise of the LII signal interfered with the PAH fluorescence signal.
There are many different types of PAH in the flame, but the population of each type is
small in the flame. The laser can only excite a certain type of PAH, but not all the PAH.
Hence, the signal to noise ratio was very low because the PAH fluorescence signal was

very week compared with the LII signal. To overcome these problems, a specific
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wavelength that can excite the PAH with highest population has to be generated in order
to obtain higher the signal to noise ratio. This required the understanding of the nature of

the propylene smoke point flame chemistry.
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Appendix I

LII Signal Correction Program
Below is the FORTRAN program that was used to correct the LII signal (Chaper 1V,

section 4.4.3).

PARAMETER (IN=108)

DOUBLE PRECISION S(2*IN),Sp(2*IN),L(2*in,2*IN)

DOUBLE PRECISION a(2*IN),r(2*IN),sum1, sum2,m,Lpold

DOUBLE PRECISION LAMDA,C,pi,nlamda,klamda,P,Lp,Ktrap,Kext, CONVER
DOUBLE PRECISION DIPIO,nlamdE, klamdE, lamdE,[PIOP,IPIOPM,SpL,SpR
INTEGER n,e,f,h,j,q

RN=108.0

pi=22.0/7.0

* Signal Taping: Detection for Nd:YAG of LIl
nlamda=1.58
klamda=0.75
lamda=0.00431

* Extinction measurement: Detection for He-Ne
nlamdE=1.8
klamdE=0.58
lamdE=0.00633

* Convergence critirion
CONVER=1.0E-10

* Pixal ratio (pixal/mm)
PXrtio=22.5

* Initial reset
j=0
e=0
P=0.0
Lp=0.0
SUM1=0.0
SUM2=0.0
SUM3=0.0
DIPIO=1.0

* DIFIPI=0.0
IPIOPM=.907011

* Guess C
C=1.0/3.57E9

* C=1.326E-8

* C=1.0/3.64901E8
Cd=1.326E-8

*  Coefficient of signal traping and extinction
Ktrap=(36.0*pi*nlamda*klamda)/((nlamda**2.0-klamda**2.0+2.0)
$ *¥2.044.0%(nlamda**2.0)*(klamda**2.0))
Kext=(36.0*pi*nlamdE*klamdE)/((nlamdE**2 0-klamdE**2.0+2.0)
$ *%2 0+4.0*(nlamdE**2.0)*(klamdE**2.0))

* Read from raw data
OPEN (UNIT=5, FILE='SIGNAL.DAT',STATUS="UNKNOWN")
DO 60 n=1,2*in-1
READ(5,*) S(n)
60 CONTINUE
n=0

* Calculation for a, r and L

DO 10 n=1,IN
P=P+1.0
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a(n)=(RN-P)/PXrtio

DO 20 m=n,1,-1

r(m)=(RN-m+0.5)/PXrtio

IF (m.EQ.n) THEN

Lp=0.0

ENDIF
L{n,m)=((r(m)**2.0-a(n)**2.0y**0.5)-Lp
L(n,2*IN-m)=((r(m)**2.0-a(n)**2.0)**0.5)-Lp

Lpold=Lp
Lp=L(n,m)+Lpold
20 CONTINUE
10 CONTINUE
REWIND 5
n=0

* Set all initial signal to data value
DO 70 n=1,2*IN-1
Sp(n)=S(n)
70 CONTINUE
n=0

* Calculation for signal correction
*  Do-loop for Calculation of Sp(n)
DO 40 n=1,IN

h=2*IN-n

*  Do-loop for summation

47 DO 50 f=1,n
e=2*IN-f
SUMI=SUM1+Sp(f)*L(n,f)
SUM2=SUM2+Sp(e)*L(n,e)

50 CONTINUE
SpL=Sp(n)
SpR=Sp(h)
Sp(n)=S(n)*dEXP((Ktrap*C/lamda)*SUM1)
Sp(h)=S(h)*dEXP((Ktrap*C/lamda)* SUM2)

* Reset SUMI and SUM2 before next loop
SUM1=0.0
SUM2=0.0
* Convergence check
IF (DABS((Sp(n)-SpL.)).GT.CONVER).AND.
$  (Dabs((Sp(h)-SpR)).GT.CONVER)) GOTO 47
40 CONTINUE
DO 80 j=1,2*IN-1
SUM3=SUM3+Sp(j)
80 CONTINUE
d=7.0
IPIOP=EXP(-Kext*C/(lamdE*PXrtio)*SUM3)
DIPIO=IPIOP/IPIOPM
print*, IPIOP,DIPIO

* QOutput data of corrected signal
OPEN (UNIT=7, FILE='OUTPUT.DAT',STATUS="UNKNOWN")
DO 90 g=1,2*IN-1
WRITE(7,*) Sp(q)

90 CONTINUE

END
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Appendix 11

Uncertainty Calculation

There are two categories that related to the uncertainty of a measurement, they are

the precision or random error, P., and bias or fixed error, B. The random error is depends

on the sample size, which can be calculated statistically from the sample. However, the
calculation of bias error of the result needs the knowledge of the properties and the
measurement method (example: least count of the instrument) of all the components used

in the calculation.

®= w/iP; +B%)

P.=t,,S

Loy

For a population, n of 10 and at 95% confidence, to/ is equal to 2.262. S is the standard
2

deviation, and it is defined as

The bias error was assumed to be constant for all cases for the particular type of
measurement. Which is reasonable because the same instrument was used through out the
measurement. Since the present study is most comparative, it is reasonable to neglect bias
error in the uncertainty calculation. In order to estimate the random error, at selected
condition, the measurement was repeated ten times. The following is a sample of the
measurement of the CFMFR at quiescent condition. The readings were the reading from

the scale of a calibrated flowmeter. The average reading was converted into volume flow
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rate with the flowmeter calibration equation, then multiplied by density to get mass flow

rate.
Trial Reading

1 19.6

2 19.6

3 19.8

4 19.8

5 19.8

6 19.7

7 19.8

8 19.8

9 19.9

10 19.8

Average, X 19.76

Convert X into Volume and Mass Flow Rate

Volume Flow (I/min) 10.13
Mass Flow (kg/min) 0.0173
S of measurement 0.0966

P, of measurement 0.0691

Convert P, into Volume and Mass Flow Rate
Volume Flow (I/min) 0.0360
Mass Flow (kg/min) 6.16E-05

% error of mean value 0.355

The table above shows that the estimated uncertainty of CFMFR at 95% confidence

interval is 0.06 pg/min, which is 0.36% of the mean value.
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Appendix 111

Sample Calculation

Emission Index Calculation

}( NOx XMWN ()x
Elnox =
Xco + Xco, \ MW 4

Xnox =17.98 ppm

X nox =74 ppm

Xnox =2.84%

Number of mole of carbon in a mole of fuel, x =3
Molecular weight of NOy, MWyo,= 30 g/mol

Molecular weight of C3H6, MWyo,= 42.08 g/mol

-6
Elyoy = | =210 (3X30jxlooo£=1.34£
74x107° +0.0284 )\ 42.08 kg kg

Soot Concentration Calculation

Signal intensity for 500 shots = 2337820
Background signal intensity for 300 shots = 128615

Calibration constant = 2.80 x 10™' intensity/ppm of soot

Local soot concentration = (2337820/500-128615/300) x 2.80 x 10'%=1.19 ppm
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LIF Sample Calculation

The LIF signal can be quantified with following expression

n, :CCXPXnAxCSV

I
L v.pB. o Al

ge™ ge
hv,,

n, =

C _ A21
VAL +P+Q. +S
21 C

A21
Ay +P+Q.+S

1
n,=n,xCs, = EL_ZoﬁgeGgeAl

ge

Q
Cexp = (E Ny nD)

Ay = 474800 57! (Holtzclaw et al., 1993)
P=0s"! (Hanson et al., 1990, Eckbreth, 1996)
S=0s" (Hanson et al., 1990, Eckbreth, 1996)

Bge=3.46 x 10> m’s*J ' (Laufer, 1996)

Q = 0.00427 Sr I,=450 WJ Bee = 0.023 (Laufer, 1996)
h = 6.63B-34 Js Al=1.67x10%m A =285.265 nm
c=2.997 x 10® m/s Av= 1.8 x10"° Hz

Vge = ¢/A == 2.997 x 10° m/s / 285.265 nm =1.05 x 10" Hz

Nr= Focusing lens efficiency = 0.96

1p = Filter efficiency X camera efficiency = 0.13 x 0.13

Cyp = (—9—%%) == (0'00427 0.96><0.13><0.13) =5.51x10°
4 4r
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B,,]’lv, ] 15 3 -2 75-1 ) =34 7., ] 15 -1
= Dl _346x10"m"s~J >8<6 6j><10 JA});l_(})SX]O S 446 % 102 m?
¢ cAv 2.997x10°ms ™ x1.8x10°s

o

Oc = Zniqix
0.5

4, =a,0,T

£
O'q = O.Qm exp(ﬁ)

Refer to Table 5.1 for the constant on above equation

O, =04 exp(1 12?144) =0.677 O, = 86)(p(1 12?44) =9.82
C,co, = exp(1 1‘;;.844) =16.59 Ou0 = 126Xp(1 13;?:44) =16.76
Cuno = 2Oexp(11:?7)4'144j =28.82 O = 14.56xp(11:j.44) =15.6
O.on = 2Oexp(1 ]?;24J =27.64 O, =45 exp(1 1‘?;3%44) =5.43

Nix 1s in molarity (mole/liter), which is the unit export out from FLUENT for each
quenching species. Nj, is then multiplied by Avogardo number, A, to get it into the unit of
number of molecule.

n’L’x :NixAv

3 3
Ny qn :3.21><10"6”"‘—01?-><1000L3><6.02><1023ito—’"><4.47><10-'3 T x10° =
P m mole s cm’

x0.677x1187k% =2.02 x 10*

3 3
o, o, =1.68x10° 2% 1000 x6.02x10% 2™ % 4.37x107° <™_x 1076
P l m mole s cm
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3

D =1.49x 10°
cm’

x9.82x1187k°%° x107°

3 3
Mo oo, = 912107 ™% 10001 x6.02x10% Y™ 5 4 16x10 L x1070 2L
e m mole S cm
x16.59x1187k*° = 1.31 x 10*
3
Moo deo = 8151075 M2 1000 x6.02%10% Y™ 5 447103 <™ x 1070 "L
l m’ mole ) cm
x16.76 x 1187k ** = 1.26 x 10
Moo =1.19%107 12510001 56,0210 2% 4 92x 107" 106 .
o { m’ mole s cm
x28.82x1187k*° =3.51 x 10
3
nydy = 242x107° 2% 11000 L x6.02x10% Y™ x15.0% 1072 < cm 1o .
l m’ mole s cm
x15.6x1187k"° =1.17 x 10°
3 3
Ry don = 9.70x1071° 10k X100~ x6.02x10% 2% 5 4.99% 107 L2 x 1070 L
l m’ mole s cm’
x27.64x1187k" =2.78 x 10
3 3
g @, = 2.10x10° "2 1000 L x6.02x10% 22 10,88 x10°* < x 1076 2
o m mole ) cm

x5.43x1187k*°=2.58 x 10°

=>"ng, =2.02 x 10* +1.49 x 10’+1.31 x 10*+1.26 x 10°+3.51 x 10"

+1.17 x 10%+2.78 x 107+ 2.58 x 10° = 3.27 x 10°

A, _ 474800s "

Cy = = - ——=0.592
A, +P+Q.+S§ 4748005 +0+3.27x10° +0

Camera intensity = 3573.416 count
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n,. = Camera intensity / camera calibration (intensity count to photon count)

_ 3573416 intensity
96 intensit%homn

= 37.22 photon

npe = Cexp X nA X CSV

M, 37.22

= = = =1.14x10 photon
C,p, XCsy  5.51x107°x0.592

ny

IL
n, = o, Al
A hvge 10ﬁge ge
n,hv
x. = e 1 in the unit of mole/m’
ILﬁgeageAl A,
B 1.14x107 x6.63x107 Jsx1.05x10" 5™ 1
- -4 -2 2 -4
4.05x107"J x0.023x4.47x10"m” x1.67x10"" m 6.02x10% 11
moie

=1.90 x 10*mole/ m*
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