uOttawa

L'Université canadienne
Canada’s university



T

FACULTE DES ETUDES SUPERIEURES it} FACULTY OF GRADUATE AND

ET POSTOCTORALES uOttawa POSDOCTORAL STUDIES

I.’Université canadienne
Canada’s university

Stéphanie Trottier

AUTEUR DE LA THESE / AUTHOR OF THES!S

M.A.Sc. (Mechanical Engineering)

GRADE / DEGREE

Department of Mechanical Engineering
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

Experimental and Numerical Analysis of the Sooting Propensity of Binary Fuel Mixtures

TITRE DE LA THESE / TITLE OF THESIS

Matthew Johnson

DIRECTEUR (DIRECTRICE) DE LA THESE / THES(S SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

EXAMINATEURS (EXAMINATRICES) DE LA THESE / THESIS EXAMINERS

Donald Gauthier William Hallett

Gary W. Slater

LE DOYEN DE LA FACULTE DES ETUDES SUPERIEURES ET POSTDOCTORALES /
DEAN OF THE FACULTY OF GRADUATE AND POSTDOCORAL STUDIES



Experimental and Numerical Analysis of the

Sooting Propensity of Binary Fuel Mixtures

Stéphanie Trottier

A thesis submitted to the Faculty of Graduate and Postdoctoral Studies
in partial fulfillment of the requirements for the degree of

MASTER OF APPLIED SCIENCE

in Mechanical Engineering

Ottawa-Carleton Institute for Mechanical and Aerospace Engineering
University of Ottawa

Ottawa, Canada

© Stéphanie Trottier, Ottawa, Canada, 2006



Library and
Archives Canada

Bibliotheque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 0-494-14963-9
Our file  Notre référence
ISBN: 0-494-14963-9
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian Conformément a la loi canadienne

Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



ABSTRACT

The sooting behaviour of binary fuel mixtures was evaluated both experimentally and
through computer simulations. The soot volume fraction of laminar diffusion flames of
mixtures of ethylene/propane, methane/ethylene, methane/propane, methane/ethane,
methane/butane, ethane/propane and ethane/ethylene fuels was measured using two-
dimensional line of sight attenuation. It was found that a synergistic effect could be
demonstrated for the ethylene/propane, methane/ethylene, methane/ethane and
ethane/ethylene mixtures. The synergistic effect translated into a higher soot concentration
for a mixture fraction than for either of the pure fuels. The methane/propane,
methane/butane and ethane/propane mixtures were not seen to have such an effect. Through
experiments where the flame temperature was kept constant, it was determined that the
synergistic effect in the methane/ethylene mixture was very temperature-dependent whereas
the synergistic effect in the ethylene/propane mixture was not.  This phenomenon was
further studied through the modeling of the ethylene/propane mixture. The modeling
included the gas phase chemistry as well as a two-equation soot model. The simulation
results again demonstrated and confirmed the presence of a synergistic effect. Through
analysis, it was found that this effect could be directly correlated to a synergistic effect in the
concentration of n-C4Hs and n-C4Hj3 species that could be traced back to an interaction
between ethylene and methyl radical species. This then led to a synergistic effect in the
concentrations of benzene and phenyl. These results yield further insight in the pathways to
soot formation and highlight the importance of further analyzing binary fuel mixtures as a

means of understanding soot formation in practical devices.
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1 PROBLEM DEFINITION

1.1 Introduction

With increasing sensitivity to environmental concerns, pollutant emissions have become an
essential aspect of the study of combustion. The formation of soot, a primary contributor to
airborne particulate matter (PM), has been increasingly scrutinized due to the known
environmental and health effects of the airborne particulates. The emission of fine
particulate matter (PM) is a primary environmental concern and has been linked to serious
health effects in humans and animals, adverse effects in plants, and environmental damage
[1]. Furthermore, soot is known to be composed of carcinogenic species and has been
identified as having a variety of impacts on the climate change phenomena. It is therefore
crucial to gain better understanding of the complex phenomena leading to soot formation

and gain insight on how to reduce these emissions.

An extensive amount of research is continually being done both experimentally and
numerically in an effort to try to understand the chemical paths that lead to soot formation.
The knowledge of the pathways to soot formation is therefore always evolving. However,
the complexity of the process is such that many uncertainties still remain. Most of the
research has been concentrated on analyzing the sooting behaviour of elemental fuels. This
in itself is warranted but studying fuel mixtures also could yield complementary
information. The usefulness of looking at this process through a fuel mixture perspective is
two-fold. First, in a theoretical aspect, it is generally agreed that studying the behaviour of
mixtures of structurally different fuels can lead to better understanding of the actual
formation process. Secondly, since a complete understanding of the soot formation process
seems unlikely at this point, the study of fuel mixtures therefore allows for the observation
of the behaviour of more relevant and realistic representations of fuels actually in use (for

example commercial fuels), and to assess their actual behaviours.



The purpose of this study is to observe the sooting behaviour of an array of binary fuel
mixtures. From previous research, it is thought that in certain mixtures, the sooting
propensity over the mixture range could not be simply explained by the relative sooting
propensity of the fuels, but could demonstrate that there exists a synergistic effect in the
sooting propensity of these mixtures. What is meant by synergistic effect is the fact that for
a certain mixture, the sooting propensity is higher than for any of the two fuels.
Understanding the origin of this phenomenon can help understand the relative importance
and interaction of different species in the pathways to soot formation. The mixtures studied
will be composed of combinations of methane, ethylene, ethane, propane and butane. These
fuels were chosen because they are simple in their composition, they are industrially
relevant and it is thought that the analysis of their sooting behaviour can help understand the
relative importance of different pathways to soot formation. The sooting behaviour of these
fuels will be observed experimentally as well as numerically. It is hoped that the
combination of these two analysis tools can help identify the cause of the experimentally
measured behaviour through the analysis of the numerical simulations that allows an in-

depth look at the species and formation rates involved.



1.2 Soot Formation in Diffusion Flames

To understand where this research would contribute to the present knowledge of the soot
formation process, the different pathways presently identified in the literature will be
presented. A great deal of uncertainty remain as to the validity of many of these pathways
as well as their relative importance which leads to disagreement between researchers and
makes further research in this area very important. It should be noted that this research will
focus on diffusion flames since they represent a more relevant and comparable system for

many industrial applications.

The preliminary step to soot formation is through fuel pyrolysis. Pyrolysis refers to the
chemical decomposition of the fuel in high temperature conditions in the absence of oxygen.
It has been established for diffusion flames that the pyrolysis of the fuel was the rate-
controlling step in the formation of soot [2] which makes the sooting behaviour mainly

dependent on the fuel structure as well as the flame temperature [3, 4].

The soot formation process itself can be subdivided into four sub processes: the inception of
the first ring structured molecule, the formation and growth of polycyclic aromatic
hydrocarbons (PAHs), soot inception and growth, and soot oxidation. The first ring
inception refers to the first aromatic ring formation during aliphatic fuel combustion. An
aliphatic hydrocarbon is composed of linear chains of carbon atoms, whereas, aromatic
hydrocarbons are composed of rings of carbon atoms. It was first determined that one of the
most probable path to the formation of the benzene aromatic ring involved acetylene (C,Hy)
with n-C4H; and n-C4Hs [5, 6, 7]. Recent evidence gathered by Miller and Melius [8] has
however introduced some restrictions to this path stating the tendency of the isomers n-C4Hjs

and n-C4Hj; involved in the reaction to transform into the more stable species i-C4Hs and i-
' CsHs. They have found evidence that these isomers would not be present in large enough
quantities to account for the rate of aromatic formation. However, there is still some
disagreement about the relative stability of both isomers and therefore, these reactions are

still thought to be important {9, 10]. Another pathway has recently been identified for the



first ring formation through the propargyl (CsH3) recombination into either phenyl (CsHs) or
benzene (C¢Hg). Comparison of experimental and modeling concentration of species has
further confirmed the importance of this pathway [11, 12, 13, 14, 15, 16, 17]. Another
possible pathway brought forward would consist of the formation of fulvene (C¢Hg) from
reactions involving allyl (CsHs) and propargyl to form fulvene which is then converted to
benzene [15, 18, 19]. Fulvene is composed of a 5-carbon ring and is converted to benzene, a

species having a 6-carbon ring, through H atom catalysis.

Following the formation of the first ring, there are a number of different hypothesis as to the
path followed for the growth of the aromatic to a polycyclic aromatic hydrocarbon (PAH).
The most popular model at this point is the Hydrogen Abstraction Carbon Addition (HACA)
model [20]. This model expresses the sequential growth through a hydrogen abstraction
acetylene addition reaction pathway. Good agreement has been found between this model
and experimental results in premixed and diffusion flames [6, 21]. Another possible process
for the growth of PAH has recently been proposed where growth could also proceed through

reactions of aromatics with odd-carbon numbered radicals (e.g. C3Hs) [12,14].

An additional reaction path has recently been suggested which diverges from the traditional
process by which the first aromatic is formed and then grows into PAH species. Melius and
co-workers [22] recently proposed that there could exist a pathway through which larger
PAHs, naphthalene (CjoHs) and phenantrene (Ci4Hio), could be formed directly from the
combination of cyclopentadienyl species (CsHs). Other researchers have found indications
of the possible relevance of this pathway [12, 14, 18, 19]. However, some doubt as to this
process has been introduced through the analysis of the sooting tendencies of benzene doped
methane flames under different levels of premixing [21]. As would be expected, benzene
doping resulted in higher concentration of cyclopentadienyl, but surprisingly, the
naphthalene concentration monotonically decreased. This pathway to PAH production is

therefore still highly controversial and uncertain.



It is generally agreed that the soot inception proceeds through reactions with heavy PAH
species [12, 23]. Therefore, the coagulation of PAH species is the main path to soot

inception, and surface reaction of acetylenic species would contribute to soot growth [19,

24].

Finally, in diffusion flames, if the flame temperature is sufficiently high, all the soot
produced in the flame will be oxidized in the top portion of the flame. It has been found that

OH is the main soot oxidant [25] while O, and O contribute to a lesser degree.

As explained previously, there is still some disagreement about the different pathways
involved in the first ring formation and PAH growth steps and their relative importance in
different fuels. Whereas the traditional viewpoint considered even carbon numbered species
to be main culprits in soot production, explaining the high sooting propensity of fuels such
as acetylene and ethylene, the possible involvement of odd-numbered carbon species raises
the possibility that the role of other fuels, such as methane and propane, in soot formation

could be much more important than anticipated.

Indications that the role of methane was indeed significant have been provided by different
researchers. It has been demonstrated that, at equal temperatures, premixed methane flames
produced higher benzene and PAH concentration than ethane flames [16]. As well, it was
found that by substituting some of the carbon content of an n-heptane premixed flame with
carbon provided by methane addition, significant increases in benzene, PAH and soot
concentrations were obtained [26]. Intuitively, the addition of methane would reduce the
acetylene content of the flame as well as increase the hydrogen content. These two factors
would lead to lower benzene and PAH concentration by impeding the acetylenic reactions
for first ring formation and the HACA path to growth. For n-heptane flames doped with
CH,, the increase in the CgHg, PAH and soot concentrations hints at the involvement of a
different process. This was also shown in a flow reactor where again, the addition to
methane to n-heptane led to an increase of PAH concentrations [27]. These results indicate
that, through the odd-carbon numbered pathways, methane would contribute to the sooting

propensity through the first ring inception. It was also found that the increase was more



pronounced in the larger PAHs, further emphasizing the role of odd-carbon numbered

species in the PAH growth [27].

As well, propane as a fuel could also play an important role in soot formation if its
dehydrogenation path to propargyl is considered [19]. The relevance of this pathway was
demonstrated through a study of methane flames doped with propane (C;Hg), propene
(C3Hg) and allene (C3Hy). In the propane doped flame a noticeable increase in the propene,
allene and more importantly in the soot concentration were measured. As well, by
comparing the chemical species resulting from a pure acetylene/argon diluted diffusion
flame and an acetylene/allene (CsHs) flame, a significant increase in the benzene
concentration resulted from the allene addition [28]. This was interpreted as having resulted
from the more direct path to propargyl formation from the allene pyrolysis through

dehydrogenation, and therefore, an increase in the propargyl combination reactions.



2 FUEL MIXTURES

The fact that the different pathways seem to vary in importance in different fuels led to the
possibility that their interactions in fuel mixtures might lead to synergistic or competing
effects in the sooting propensity of these mixtures. In this context, a synergistic effect is
observed when the rate of soot formation for a given mixture of fuels is greater than for any

of the individual fuel components.

The presence of a synergistic effect was indeed established for mixtures of allene (C3Hy) /
acetylene (C;H,) and vinyl-acetylene (C4H4) /acetylene (C;H;) as well as mixtures of
acetylene (C,H,)/, allene (CsH4)/, vinyl-acetylene (CsHs) /, and 1,3-butadiene (CsHs) /
benzene (C¢Hg) both experimentally and numerically [29]. It was found in experiments
done behind reflected shock waves that the soot amount produced by any of these mixtures
was noticeably larger than the soot amount produced by any of their individual components.
It was interpreted, through numerical simulations that in the mixtures containing acetylene,
vinyl-acetylene or 1-3 butadiene, the synergistic effect would be attributable to an
acceleration of the acetylene addition step in the first ring formation or the HACA growth
process. As well, although no numerical verification was done, it was proposed that the
synergistic effect seen in mixtures of allene/benzene or allene/acetylene was again due to the
acceleration of the acetylene based pathways. It was proposed that the first ring formation
path in the allene/acetylene mixture was not through the tradition path leading to phenyl and
benzene but through the addition of acetylene to propargyl to form benzyl (C;H7). As well,
the soot yield was seen to show the synergistic behaviour for all mixtures except in the
acetylene/benzene mixture. This was confirmed through qualitative trends of numerical
results and wés explained through the complex involvement of acetylene which is noticeably
different in aliphatic and aromatic fuels. In aliphatic fuels, acetylene would directly
contribute to the formation of aromatic rings and to their growth, whereas, in aromatic fuels,
the more efficient ring formation process through phenyl/benzene reactions would be

hindered by the acetylene reaction with phenyl.



To further explain this phenomena, recent experiments done by Hwang and co-workers [30]
have analyzed ethylene/propane ((C;H4/C;Hsg) mixtures. The basic starting point for these
experiments was an assessment of whether odd-carbon numbered species could contribute to
the synergistic effect as well. For both co-flow and counter-flow ethylene/propane flames, a
synergistic effect was measured through the range of mixtures in constant carbon flow
conditions. The soot volume fraction and PAH concentrations were seen to be enhanced for
certain mixture conditions. These results indicate that, contrary to the traditional viewpoint,
acetylene may not be solely responsible for the first ring formation and growth. Evidently,
adding propane to an ethylene mixture would tend to decrease the acetylene concentration,
reducing the rate of first ring formation through this species. However, the fact that a
maximum soot and PAH concentration is reached for an intermediate mixture of ethylene
and propane tends to confirm the importance of the propargyl combination reaction. As
mentioned previously, propargyl is readily formed during the propane pyrolysis through the
dehydrogenation process. Numerical simulation results have confirmed that the C,H;
concentration monotonically decreases as the mixture fraction of propane is increased.
However, the CsHj3 concentration profile was seen to have a synergistic behaviour. This
indicates the possibly of a complementary behaviour in the soot formation pathways

between the acetylene and propargyl reactions.

Hwang and co-workers [31] have further explored the role of the propargyl combination
reaction on this synergistic effect by measuring the effect of oxygen addition on the sooting
propensity of ethylene. The addition of a small amount of oxygen to the ethylene flame was
seen to induce an increase in the soot concentration. This was numerically correlated to an
increase in Cs species concentration, while C; species concentration continuously decreased
with increasing O; concentration. In contrast, measurements showed that addition of
oxygen to a propane diffusion flame actually reduced the sooting propensity. It was then
proposed that in ethylene flames, the addition of oxygen would enhance the following
reactions:

CH, + 0, ® CH, + CO,

CH; +CH; © C3H; +H



This would explain the different behaviours in ethylene and propane flames as well as

solidify the importance of the propargyl combination pathway to benzene formation.

However a similar, but less pronounced synergistic effect was seen in an ethylene/ethane
flame [30]. Ethane does not have a direct path to propargyl formation during its pyrolysis.
This led Yoon and co-workers [32] to look at an array of mixtures created from mixing
methane (CHj), ethane (C;Hg), propane (CsHg) and propene (Cs;Hs) with ethylene in a
counter-flow diffusion flame. As from previous experiments, their results indicated a
synergistic effect in the PAH and soot concentrations for the ethane/ and propane/ethylene
mixtures. No synergistic effect was seen in the propene/ethylene mixtures, which leads to
some doubts about the possible role of the propargyl in this phenomenon since propene is a
product of the propane dehydrogenation in the string of reactions leading to propargyl. As
well, a synergistic effect was seen at the PAH level for the methane/ethylene mixture, but
was not visible at the soot level. The numerical modeling of the flames revealed that the
methyl radical (CH3) concentrations in the methane peaked much higher in the flame than
for the other fuels. The fact that the methyl radical is formed lower in the flame for the
other fuels may explain the synergistic effect by the fact that this radical could then lead to
propargyl in a region in the flame where the propargyl combination would lead to benzene

more efficiently.

However, it is very important to notice here that the temperature of the different flames was
not accounted for. The previous authors dismissed the possible effect of temperature on this
phenomenon by considering that the adiabatic flame temperature decreased monotonically
and more importantly, that the propargyl based reactions and the PAH agglomeration
process, considered to be predominant, were less sensitive to temperature [30]. Recent
information obtained from work by Roesler and co-workers [33] has indicated that this may
not be the case. These authors studied methane/ethylene mixtures in which the adiabatic
flame temperature was kept constant through nitrogen dilution and contrary to previous
findings noticed a synergistic effect in the soot concentration over the range of mixtures. A

synergistic behaviour was observed as well in a methane doped n-heptane flame [26]. This



yields further evidence that the methyl radicals can indeed play an important role. A
synergistic effect was measured in the benzene concentration, implying the possible
importance of the methyl radical reactions leading to propargyl which would then lead to
benzene. However, the synergistic effect is also seen at the larger PAH level in different
proportions. There seem to be two separate trends in the PAH concentration behaviour,
some larger PAH follow the benzene behaviour and increase in similar proportions, whereas
others are seen to have a smaller increases. This seems to indicate that indeed, PAH growth
could be due to both odd-carbon and even-carbon number species. This was investigated by
Lee and co-workers [34] who reported that the synergistic effect in the PAH concentrations
becomes more pronounced with measurements done at higher wavelength, corresponding to
concentration measurements of larger PAHs. This was done by minimizing the possible
effect on the first ring formation by doping the ethylene/propane mixture with benzene. It
was confirmed that since the synergistic effect was still measurable although less
pronounced, it could be due to a combination of the first ring formation and PAH growth

pathways.

These findings confirm the possible role of the odd-carbon numbered species and its
interaction with other traditional soot formation species, mainly acetylene. It was also
proposed that the growth of PAHs through odd-carbon numbered species reactions could

also contribute to the synergistic effect, through its interaction with the HACA process.
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2.1 Outline of Research

The purpose of this thesis is to help clarify the different pathways to soot formation and their
relation with the synergistic effect in fuel mixtures. It is hoped that this work will provide a
basis of knowledge of the sooting propensity of industrially relevant fuels. The behaviours
of binary fuel mixtures composed of methane, ethylene, ethane, propane and butane are
investigated to assess the interaction between even and odd-numbered carbon species in the
pathways to soot formation as well as gain insight into the roles of propargyl and the methyl

radical in the formation process.

An annular co-flow diffusion flame was used. The sooting propensity was measured using
the 2-dimensional line of sight attenuation optical diagnostic which provided good accuracy
and ease of use and analysis. As well, because temperature is known to be a key factor in
the sooting behaviour of diffusion flames, the flame temperatures were monitored using a
fine gauge thermocouple. Constant adiabatic flame temperature experiments were also

conducted by preheating the fuel and air.

Finally, to further understand the origin of the synergistic effect in the mixtures, numerical
simulations were done for the ethylene/propane mixtures. The chemical kinetics model used
in this case was optimized for C; species combustion [35]. Unlike previous attempts [30],
these simulations included a soot model which permitted direct correlation of the behaviour
and identification of the reactions and species responsible. The simulations were done using
a simplified soot model. The model is a two-equation model where soot inception is based
on the benzene and phenyl concentration [36]. From the combination of experimental and
numerical results, it is thought that a deeper understanding could be gained of the different

species involved in soot formation and their role in the synergistic effect found in certain

fuels mixtures.
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3 SETUP

3.1 Experimental Setup

3.1.1 Burner Configuration

The sooting propensity of the different mixtures was studied using a laminar diffusion flame
burner shown in Figure 3-1. This burner is composed of an inner brass fuel tube which has a
diameter of 10.9 mm, surrounded by an outer tub¢ of a 100 mm diameter through which the

co-flow air is delivered. The air flow passes through two thicknesses of sintered metal foam

as well as glass beads to ensure a uniform velocity profile.
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Figure 3-1 Burner Configuration

To ensure the stability of the flame studied, the burner was surrounded by a mesh screen in
which holes allowed optical access. This screen helped prevent disturbances to the shielding
air flow and to the flame. Sufficient length of the fuel tube (L/D=100) was left preceding

the burner to ensure fully developed laminar flow.
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3.1.2 Fuel and Air Flow Configuration

To obtain a proper basis for comparison, all of the mixture flow rates were defined to have
constant carbon content. This allows a direct comparison of the soot yield of the different
flames based on the same carbon input. The flow rates used were based on the conditions
established by Giilder and co-workers and corresponded to a carbon flow rate of 3.2 mg/s
[37, 38]. The following table presents the corresponding flow rates, velocities and Reynolds

numbers for each of the pure fuels.

Table 3-1 Summary of Fuel Flow Conditions

Volume Flow Mass Flow Reynolds
Fuel Velocity (cm/s) :
Rate (cc¢/min) Rate (g/min) Number
Methane o
390 0.26 6.7 45
(CHY)
Ethylene
194 0.23 35 44
(C;Hy)
Ethane
194 0.24 3.5 52
(C:Hy)
Propane
128 0.24 23 58
(CsHy)
Butane
97 0.24 1.7 64
(CsHyo)

The fuels were combined in binary fuel mixtures: ethylene/propane, methane/ethylene,
methane/propane, methane/butane, methane/ethane, ethylene/ethane and ethane/propane.
The carbon content was kept constant for all these mixtures by adjusting the flow rates of
each of the two fuels found in a mixture so that the contribution of each fuel to the carbon
flow rate varied from O to 100%. The surrounding air flow was again based on the
conditions established previously [37, 38]. This flow rate was kept constant for all mixtures

at 284 L/min, corresponding to a velocity at the inlet of 63 cm/s.
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The fuel flow rates were controlled by Aalborg GFC mass flow controllers. For the fuel
control, three different mass flow controllers were used with ranges of 0-100 cc/min, 0-200
ce/min and 0-500 cc/min for nitrogen. These were linked to switch valves which allowed
using the desired flow controller for each fuel to be used according to the needed flow rate.
These flow controllers were originally calibrated for nitrogen by the supplier and a new
calibration was therefore done over the full range of the three flow controllers for all the
fuels of interest using a bubble flow meter. The conversion factor found was used to
determine the flow setting for each fuel. It should be noted that the conversion factor
measured was similar but had small discrepancies from the value given by the supplier,

enhancing the necessity of performing this calibration.

The air flow meter was again an Aalborg GFC mass flow controller with a range of 0-1000
L/min. Pressure gauges placed immediately upstream of the flow controllers were
monitored to ensure that all flow meters were operated at their optimal range (i.e.. 20 PSI for
fuel and 50 PSI for air). Downstream of the flow controllers, all fuel lines were joined
together in a single line which allowed fuels to be combined. A long length of tube was

allowed before the burner to ensure proper mixing of the fuels.

14



3.1.3 2D LOSA Optical Diagnostics

3.1.3.1 Setup Description

The sooting propensity of the different mixtures was assessed using a technique called Two-
Dimensional Line of Sight Attenuation (2D LOSA). This technique being an optical
diagnostic, it has the advantage of causing essentially no disturbance to the flame itself. The
details of this technique were presented by Snelling et al. [39]. The fact that this method is 2
dimensional is a noticeable advantage, making an efficient technique for obtaining the full
flame soot profile. As well, this technique was developed to have great sensitivity, which is
essential for the study of low sooting flames like methane. Finally, the optical setup shown
in Figure 3-2 and Figure 3-3 was precisely designed to minimize the beam steering that
might occur. This is done by optically conjugating the center of the flame and the collection
plane. This means that for light passing through a point, whether it is still collimated or
diffuse due to beam steering, it will be imaged at the same spatial location on the collection

optics, minimizing spatial distortions.

Figure 3-2 Photograph of Optical Table
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Figure 3-3 Optical Table Layout for 2D LOSA Experiment
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The optical arrangement illustrated in Figure 3-3 was chosen to have one-to-one imaging.
The detector used was a water-cooled 16 bit CCD array of 1152 x 1242 pixels where each
pixel corresponds to a 22.6 um x 22.6 pm area of the flame.  The detector was controlled
using Roper Scientific Winview/32 software. The exposure time was adjusted to ensure
maximum intensity without saturating the camera, this saturation occurred at an intensity of
65 500 counts. To ensure that measurements were done at the desired wavelength, in this
case 577 nm, a filter pack was placed in front the of CCD camera. The signal was treated
with a filter centered at 577 nm with a 20 nm bandwidth. This wavelength was chosen

because it is optimal for the lamp emission.

The lamp source used was a 100 W Oriel mercury arc lamp. The advantage of using an arc
lamp over a laser is simply that using an arc lamp allows the use of a wider range of
wavelengths and eliminates the spectral coherence encountered with lasers resulting in

speckle. This system permits measurements at very low soot concentrations with very low

noise levels [39].
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3.1.3.2 Analysis Description

Because of the one-to-one imaging of the flame and the size of the detector, four sets of
pictures were taken throughout the height of the flame to capture the full flame. The
translation stage allowed moving the burner vertically to achieve this. Each picture was
taken at 18 mm height intervals. At each vertical position in the flame, a total of four

images were taken.

Two of these four pictures were taken while the flame was not in the optical path. The first
one measured the contribution of the environment to the intensity when the lamp signal was
not present while the second measured the total intensity with the lamp. The difference
between these two yielded Iy, or the non-attenuated intensity. The same technique was
repeated with the flame present in the optical path. One picture was taken with the lamp
intensity attenuated by the flame. A second was taken of the flame intensity only. The
difference between these two I.  The ratio between I and I yielded the transmittance as

illustrated in Figure 3-4.

I\
I\
[ | :
Iy [
[
I

Attenuated Intensity, | Non-attenuated Intensity, Iy Transmittance, t

Figure 3-4 Transmittance Calculation
To reduce shot noise, or the random noise that would occur in any one picture, five frames
of every picture were taken and averaged. The transmittance (t) was calculated individually

for each of these five frames. Before averaging these frames, the transmittance for each was

normalized and centered.
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It was expected that, in the region outside the flame, the transmittance resulting from the
ratio of I/Iy would be one. This did not always occur due to the varying intensity of the
lamp, as illustrated in Figure 3-5, where the outside region of the flame on the right hand
side has a transmittance of 0.98 instead of 1. The transmittance in the flame was therefore
normalized to ensure that outside of the region of the flame the transmittance was 1 as
shown in

Figure 3-6.
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Figure 3-5 Transmittance before Normalizing
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Figure 3-6 Transmittance after Normalizing

Although the flames were generally stable, there was slight movement between the different
frames, especially higher in the flame as illustrated in Figure 3-7. The mesh screen around
the burner helped in reducing these variations but it was found that when processing the

images each frame had to be re-centered.
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Figure 3-7 Non-centered Transmittance of 5 Different Frames

To center each frame, the transmittance curves were first smoothed individually. Following
this, all five frames were aligned as shown in

Figure 3-8. The centering was done using a spline fit and, for each height, two points on

each side of the flame were found where the transmittance had dropped 1/3 of the difference

between the maximum and minimum value. The center for each height is then defined as

the middle points between these two points.
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Figure 3-8 Centered and Smoothed Transmittance of 5 Different Frames

The smoothing was done using the Loess algorithm found in MathCAD. This algorithm
uses a second order polynomial fit on a defined span. The span was dictated by the amount
of smoothing needed for the inversion algorithm in low sooting flames with large noise-to-
signal ratios. Accordingly, a constant span of 0.08 mm was used for all flames. It was
found that the span affected the smoothing and the resulting peak soot volume fraction as
shown in Figure 3-9; however, the radial integral of the signal was unaffected as illustrated
in Figure 3-10. This indicates that the smoothing span will have no effect on the soot yield,
the comparison basis of the different flames we will use. The method for calculating the

soot yield will be explained shortly.
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Following the normalization and the centering of the five different frames, these five
transmittances are averaged. The resulting transmittances can be related to yield the soot
volume fraction contained in the flame. From the Bouguer-Lambert-Beer law [40]

integrated along a path in a flame, the following relation is obtained:
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In(l,/1,5) = [k,.ds (Eq. 3-1)

where: I is the lamp intensity attenuated by the flame
Ly is the non-attenuated lamp intensity

K.; is the optical extinction coefficient

If we assume that the primary particles are in the Rayleigh range and that the fractal
aggregates are small, we can apply the first order theory of scattering by aggregates [40]

which allows stating that:

/= s Eq. 3-2
" 6AE)1+ p,) (b 32

where: A is the wavelength

E(m) is the refractive index of soot

/v is the soot volume fraction

Psa Scattering to absorption ratio
This approximation is based on the knowledge that soot has a branch like aggregate
structure and does not aggregate in large spheres [41]. As well, it was proven that, for
extinction based measurements, whether the primary particles were considered individually

or in an aggregate structure, the soot volume fraction was found to be the same [42].

It is assumed hére that p,, =0 which was found to be true for small aggregates [41]. The
refractive index function for the absorption of soot, E(m), at a wavelength (A) of 577 nm was
taken as 0.258 [39]. This value is still widely disputed and, from values tabulated by
Krishnan et al. [43] from different researchers, it is estimated that the uncertainty of this

value is £0.05. The implications of these assumptions will be discussed in section 4.1.
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From (Eq. 3-1), we see that the optical extinction coefficient (ke)) can be obtained from a
tomographic inversion of the data assuming radial symmetry, reconstructing the 2D data
from a line of sight measurement. Many techniques exist to do this; however, a study has
shown that the three-point Abel inversion technique is optimal in this context [44]. The
algorithm presented by Dash [44] was used. Through this process, the soot volume fraction
f,(r) was calculated radially across the flame at 2 mm vertical increments and at every 2

pixel radially using (Eq. 3-2).

This analysis was done using MathCAD to obtain a map of the soot volume fraction in the
flame. This map in itself is useful in understanding the different sooting profiles of the
mixtures. However, because the different fuels are known to have noticeably different
sooting profiles, comparing them solely based on the soot volume fraction or its peak value
can be misleading. For example, if the peak soot volume fraction is used, a peak soot
volume fraction situated on the annulus region of the flame, as shown in Figure 3-11,
actually represents more soot than a peak measured on the centerline of the flame, as shown

in Figure 3-12, due to the different areas of the flame associated with these positions.
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Figure 3-11 Radial Profile of Soot Volume Fraction at Height =32 mm in Propane
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To properly compare the sooting propensity of the different mixtures, it is important to
account for the radial variation of soot volume fraction. This effect can be clarified by

integrating the soot volume fraction (fv) radially throughout the flame at various positions

along the flow direction as follows:

R
F(z)= [2mf,(r,2)dr (Eq. 3-3)
0 .
where F\(z) is the radially integrated soot volume fraction for a given height

r is the radial position

This value was multiplied by the velocity and the density as to obtain a mass flux of soot.

mSoot = psI/sz(Z) (Eq 3-4)
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where Mo 1S the mass flux of soot
s is the density of soot
V,is the flow velocity for a given height

The density of soot was taken as 1.9 g/cm® which corresponds to the value used in the
numerical simulations and is within the range determined by Nishida and co-workers [45].

The velocity was evaluated as follows:

V,=~2az (Eq. 3-5)

Where a is the flow acceleration, a = 25m/ s [46].

z is the axial position in the flame

This velocity assumes that the flame is buoyancy driven. This has been demonstrated to
apply to both ethylene and methane flames [47, 48] and is assumed in this case to also be
applicable to propane flames. Although this buoyancy model is approximate in the lower
part of the cooler methane flame, any discrepancy is minor since our focus is on the
maximum mass flux of soot corresponding to a higher position in the flame. As well, a
comparison of the velocity obtained with this model and the velocity obtained through
numerical modeling demonstrated that there is relatively good agreement. The agreement is
best on the side of the flame, and larger differences are found on the centreline as shown in
Figure 3-13. At the heights of interest, the difference is less than 20%. As well, it is
expected that all fuels would have very similar velocity profiles due to similar co-flow air
velocities. Therefore, the slight departure of the model from actual velocities is negligible in

this relative study.
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A uniform basis for comparison, the percent carbon conversion or local soot yield (Ys), can
be determined by taking the ratio of the local mass flux of soot at an axial position in the

flame to the mass flux of carbon in the fuel as follows:

m
Y = (Eq. 3-6)

¢ fuel

where mc_per 18 the mass flux of carbon at the inlet
Y; is the soot yield
The maximum local soot yield in each flame is a convenient measure by which to compare

the maximum production of soot for different fuel mixtures.
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3.1.4 Temperature Measurement

3.1.4.1 Thermocouple Setup

Flame temperature measurement is an area that to this day still challenges researchers. The
measurement can be very complex considering all variables involved and has led to the
development of an impressive number of techniques, mostly optical. However, in this series
of experiments, considering the scope of the research, it was found that a thermocouple-
based measurement would be the most appropriate method. Thermocouple measurements
are known to present significant challenges. However, techniques have been developed that
allow an accuracy that was deemed sufficient in the present study without having to resort to
the much more involved opticaf techniques. The technique used here is based on that
presented by McEnally et al. [49]. The authors claim that the absolute accuracy of the

technique is within 50 K and the relative accuracy is within 5 K [21].

The thermocouple used was an uncoated R-type (Platinum / 13% Rhodium-Platinum)
thermocouple supplied by Omega with a junction of about 240 pm. It should be noted that
since this is a diffusion flame, catalytic effects are expected to be negligible. The diameter
of the thermocouple leads was 75 pum which minimized conduction errors while allowing
easy manipulation of the thermocouple compared to smaller diameter wires. The
thermocouple was mounted on a variation of the bracket initially proposed by Cundy et al.
[50]. The present thermocouple was inserted in the flame by a pneumatic rapid insertion
system, shown in Figure 3-14, having a travel distance\ of 17 functioning with nitrogen

pressure. This was done to minimize the deposition of soot during insertion.
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Figure 3-14 Pneumatic Rapid Insertion System

The travel distance was sufficient so that the thermocouple did not disturb the flame when
retracted. When inserted in the flame, the stretched length of thermocouple was long
enough to ensure that the ceramic tubes did not disturb the flame itself, although the
surrounding air flow was disturbed. It was found that the ceramic tubing size had a
noticeable influence on the strength of this disturbance; accordingly, the smallest ceramic
tubes that could endure the shock of rapid insertion were used. Because of the force of the
system as it is activated and of the fragility of the thermocouple, it was found that the
insertion system had to be slowed down with a valve limiting the nitrogen flow. The
resulting insertion time, measured with a video camera, was 0.6 s. The transient response

time for the thermocouple was estimated to be 0.2 s [49].
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Figure 3-15 Thermocouple Setup

To maintain accurate vertical position and ensure that no sagging occurred when the
thermocouple was inserted in the flame, the thermocouple was kept in tension using one
elastic connected to a gear system as shown in Figure 3-15. The gear system ensured that
both thermocouple leads were pulled by equal amounts, maintaining the centering of the
thermocouple. The leads were connected to a thermocouple extension and measured by a
data acquisition card connected to LabVIEW. The DAQ card had an onboard cold junction.
The LabVIEW program controlled the rapid insertion system through a pulse and correlated
the data acquisition to the insertion and retraction sequence. Soot deposition was an issue
throughout the measurements. To remove the soot from the thermocouple leads and bead,
the thermocouple was inserted, following each measurement, in an oxidation region of the
flame, near the tip of the flame for an extended period of time (10 s). It was verified,
through repeatability measurements, that the thermocouple was properly cleaned in this

fashion.
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3.1.4.2 Temperature Correction

The junction temperatures measured had to be corrected for the time response and soot
deposition. To account for this, the behaviour of the measurement over the time of insertion
was observed. The first step was to correct for the soot deposition which is known to have a
very big impact on the measurement. Soot deposition tends to reduce the measured
temperature in a linear fashion over time [49].  As well, it was essential to account for the
radial profile of the temperature in the flame. In the lower portion of the flame, a high
temperature region exists in the outside annulus of the flame. Higher in the flame the
temperature peaked in the centerline illustrated in Figure 3-16. This was significant since

the thermocouple had to traverse this annular region to reach the centre of the flame.
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The temperature-time profile was analyzed to account for these phenomena. A sample
temperature-time profile of a flame centreline temperature measurement at a height of
20mm in shown in Figure 3-17. The first peak in the flame temperature is interpreted as
being the temperature measured through the high temperature annular region of the flame.
Following this peak, the temperature is seen to have a linear descending slope, which would
be the steady soot deposition stage once the thermocouple is in place. There is another
temperature peak seen at the end of the insertion time when the thermocouple junction is

retracted through the annular region.
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Figure 3-17 Centreline Temperature Measurement over Time (Height=20mm)
Higher in the flame, the temperature peaks in the centreline as previously demonstrated.
Therefore, no peak temperature is found as the thermocouple is inserted or retracted as

shown in Figure 3-18. As well, it is apparent from the soot deposition slope that

temperature is less affected by soot deposition higher in the flame.
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Figure 3-18 Centreline Temperature Measurement over Time (Height=50mm)

To correct for these effects, the data were smoothed and the slope was calculated over a time
period of a second, from L.5 to 2.5 seconds. Using this slope, the temperature at the initial
point of insertion can be found by estimating the time of initial measurement in the desired
position. This time is found by adding the time it takes to insert the thermocouple in the
desired position as well as its transient response time. The “initial temperature” traced back
in this fashion is the junction temperature which can then be correlated to the gas
temperature. This is done according to the analysis presented by McEnally et al [49] which
assumes that the conduction in the thermocouple wires, radiation to the junction and heat

generation resulting from surface reactions is negligible. The energy balance at the junction
is [49]:

34



u
col' = (T'-T Eq. 3-7
7 J 2d (g I) (q )

7

where ¢; is the temperature dependent junction emissivity
o is the Boltzmann radiation constant
Ty is the gas temperature
T; is the junction temperature
Kgois the slope of the temperature dependent gas thermal conductivity
Nu; is the junction Nusselt number

d; is the junction diameter

Where the left hand side represents the radiation heat loss per unit area of the junction, and
the right hand side is the convection heat gain per unit area. Typically, the velocity in the
flame is 1 m/s, yielding a Peclet number at the junction of about 0.6. From the low Peclet
number expansion for spheres from Acrivos and Taylor [51] the corresponding Nusselt
number was found to be 2.26 [49]. The emissivity was based on measurements over a
temperature range of 600 to 1450K done on S type thermocouples [52] which have a
composition similar to the thermocouples used here. These values were interpolated to yield

the temperature dependent values used in this analysis.

It should be noted that:
% K
L, == (Eq. 3-8)
o Tm
where K, is the gas thermal conductivity

T 1s the mean temperature

The slope of the temperature dependent thermal conductivity was based on a linear fit the
thermal conductivity of air and was found to be 6.54* 10° W/mK> [49]. The values used in
this analysis for emissivity, diameter and Nusselt number do not account for soot deposition;

extrapolating back to the ‘initial temperature’ minimizes this error.
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3.2 Numerical Simulation Setup

3.2.1 Two Equation Soot model

The purpose of this study was to understand the underlying interactions in the sooting
propensity of binary fuel mixtures. Experimental results have yielded interesting insight in
the behaviour, but to fully understand the phenomena it is important to know the underlying
species behaviour. An experimental assessment of all the species of interest is impossible;
however, numerical simulations allow an in-depth analysis of the species behaviour and the
different reactions involved. To understand the synergistic effect that was experimentally
measured in certain mixtures, the ethylene/propane mixtures were modeled since these

represented the strongest synergistic effect.

The numerical code used to model the diffusion flame was developed by Guo et al. [53].
This model solved a 2D problem representing the centreline of half of the burner used in the
experiments. The meshing density was 87x186 nodes distributed as shown Figure 3-19 as to
optimize the positioning of the nodes in the regions of interest. It was found that, due to
RAM limitations, this mesh density corresponded to the maximum that could be solved with
our computational capabilities. It should be noted that for this mesh density, the

convergence time was about 3 weeks on a 2.8 GHz Pentium 4 computer.

36



oo

N

o

@)

Height [cm]

AN

w

N

0 1 2 3
Radius [cm]

Figure 3-19 Grid for Numerical Simulation

37



The chemical kinetic model used had to be changed because, in this case, the model had to
account for the species encountered in our simulation resulting from the propane fuel. The
model presented by Qin et al. [35] was chosen since it was optimized for C; species
combustion. Although the model was seen by the authors to agree well with experimental
ignition delays and flame speed, some rates had to be modified in this case to obtain flame
heights and soot concentrations consistent with our experimental results. The modified

reaction rates are listed in Table 3-2 where K=AT"exp(-E/RT). For full set of reaction rates,

please see Appendix A.
Table 3-2 Modified Reaction Rates
Reaction Rate Parameters Relative
A n E Difference
Reactions (mol, cm3, s) (cal/mol) in K

[397] CsH; + C3H3 & CsHs + H 3.00E+ 11 K[36)/ 6.67
(Original Reaction Rate Qin [35]) | (10.20 E + 12)
[398] CsH;+ C3H3 & CgHg S.00E+10 K[36]/ 6.67
(Original Reaction Rate Qin [35]) (5.7 E+12)
[400] n-C4H; + CoH, ¢ CoHs 320E+03 2.9 1400 K[8]x1.14
(Original Reaction Rate Qin [35]) (9.6 E+70) -17.7) | (313)
[403] n-C4Hs + C;Hy & CeHg+H | 3.20E + 03 29 1400 K[8]x1.14
(Original Reaction Rate Qin [35]) (1.6 E +16) (-1.33) | (5400)

The soot model was also changed. Owing to computational considerations, an extensive
soot model like that developed by Wang and Frenklach [6] could not be implemented. The
simpler two-equation model developed by Leung and Lindstedt [54] and Fairweather et al.
[55] was therefore chosen as a viable option. This model is called a two-equation model
because it uses two transport equations to solve for the soot mass fraction and soot number
density. However, this implementation was somewhat different from the original model and
was based on that presented by Guo et al. [56]. Contrary to the original model, in this
implementation, the inception calculation is not based on the acetylene concentration but on

the benzene and phenyl concentrations as proposed by Beltrame et al. [36]. This inception
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model then accounts for different pathways to first ring formation, including those involving
odd-carbon numbered species, not only acetylene-based paths. The phenyl concentration is
present to account for the formation of complex PAHs from this species. The soot inception
is therefore based on the following reaction:

CeHg +CeHs > 12C(s)+SHy+H (Eq. 3-9)

The reaction rate found to reproduce experimental results accurately in this case was:

k, = 16.0E+17exp(_21000

) (Eq. 3-10)

The soot surface growth was modeled according to the HACA (hydrogen abstraction, carbon
addition) mechanism [57]. For both the surface growth and oxidation, the model used was
as presented by Guo et al. [56]. However, the parameter a which represents the fraction of
the reactive surface sites available for reaction was modeled by a temperature dependent
expression, similar to that presented by Kazakov et al. [58]. In this case, o was calculated
as:

a= (tanh(fn—;§ ~4.57)+1))/1.34 (Eq. 3-11)

As well, in this case, the number of carbons found in an incipient soot particle (Ca) was
taken as 32. This is consistent with the assumption made by Frenklach [9] who considers

the four ring aromatic (pyrene) the precursor to soot nucleation.

It should be noted as well that work by Guo et al. [53] has concluded that the preheating of
the fuel in the fuel nozzle should be considered in the modeling of the flame. Therefore, all

initial inlet conditions were obtained from a simulation accounting for the preheating of the

fuel in the fuel tube.
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4 RESULTS

4.1 Experimental Results

The 2D LOSA technique yielded maps of the soot volume fraction in the flame. This
preliminary experimental data was gathered to provide an initial overview of the sooting
behaviour of the different mixtures. Commonalities were found among the sooting profiles
of all the fuels. As explained previously, the first step in the sooting process of all flames is
the pyrolysis of the fuel; this will occur in the lower part of the flame, near the burner.
Following this, soot will start forming in the lower part of the flame on the outside of the
flame where the combustion occurs. The soot formed will then go through the growth
process described and, as it is in contact with oxygen in a high temperature region, will start
oxidizing. As this occurs, soot will start forming on the centerline of the flame and will

subsequently oxidize. This process is illustrated in Figure 4-1.
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Figure 4-1 Ethylene Flame Sooting Profile over Flame Height
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Although this is common to all fuels, the relative importance of the different regions varies.
For the ethylene flame, the maximum soot volume fraction is on the outside of the flame and
is found at a flame height of 30 mm. For the methane flame, the maximum soot volume
fraction is found higher in the flame, at a height of 48 mm, on the centerline of the flame.

The resulting soot profile over height for the methane flame is illustrated in Figure 4-2.
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Figure 4-2 Methane Flame Sooting Profile over Flame Height

It is important to remember here that the spatial resolution of the experimental measurement
1s 22.4 pm, this high resolution yield further confidence in the fact that the different radial
sooting profiles are accurately represented. The different behaviours of the fuels are

illustrated in Figure 4-3 where the peak soot volume fraction is plotted over flame height.
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Figure 4-3 Peak Soot Velume Fraction over Height of Flame for Methane/Ethylene
Mixture

Knowing that a peak soot concentration lower in the flame is on the side of the flame, and
that a peak higher is on the centreline, this figure can be interpreted as indicating a shift of
the peak soot volume fraction from a radial position on the side of the flame to the centre of
the flame over the mixture range. Interestingly, for the propane flame, the peak soot volume
fraction over height shown in Figure 4-4 indicates that the soot volume fraction on the

outside of the flame and in the centerline are similar, inducing a strong bimodal behaviour.
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Figure 4-4 Peak Soot Volume Fraction over Height of Flame for Propane/Ethylene
Mixture

This reinforces the need to obtain the soot yield. As explained previously, the soot yield at a
given height is the mass flux of soot at that height divided by the carbon mass flux obtained
from a radial integration of the soot volume fraction multiplied by the density of soot and

the velocity at this height. The radial integration weighs the relative area of the location of

peak soot concentration.

It was also noticed that the measurements in the lower part of the flames indicated the
presence of significant amounts of soot. For low sooting flames like those of methane, this
value was larger than the maximum soot volume fraction found in the higher part of the
flame. However, during experiments, the lower portion of the methane flame was seen to be
blue, indicating the absence of soot. However, soot precursors could be present at this
height. As well, the noise in this region of the flame is high. This noise also resulted in the

measurement of negative amounts of soot which is physically impossible.
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However, even for low sooting flames, the 2D LOSA technique was found to have very

good repeatability as illustrated in Figure 4-6. The standard deviation is found to be higher

in the lower and top portion of the flame for the peak soot volume fraction. The soot

concentration in these regions is smaller, leading to larger noise to signal ratios. However,

in the main portion of the flame where the soot concentration is higher, the standard

deviation is negligible for both the peak soot volume fraction and soot yield. Please refer to

section 3.1.3.2 for the method used to calculate soot yield. The methane flame data shown

has the smallest soot concentration; this should represent the worst case for noise to signal

ratio and repeatability. It should be noted that these measurements where done over two

days to ensure day to day repeatability.
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Figure 4-6 Repeatability of Measurement in Methane Flame

It should be noted that there is a number of uncertainties associated with this technique. A
significant variable is the value for the refractive index function for absorption (E(m)). This
value is still not fully agreed upon, however, it was determined that this value is expected to
be the same for a given wavelength for all fuel type [43]. Therefore, since the relative
behaviour is considered in this study, this uncertainty is thought to be negligible. Another
source of uncertainty in this technique is the assumption that scattering from the soot
particles would be negligible. This was found to be true for small aggregates, but subject to
larger uncertainties as the aggregate size grew [41]. It is therefore estimated that for all the
fuels studied, ethylene, having the largest soot concentration would also have the largest
aggregate size, leading to the largest uncertainty. The scattering to absorption ratio in an
ethylene flame at this wavelength was found to be 0.3 [43}], leading to an maximum error of
23%. As explained previously, this is the worst case scenario for all the fuels studied.
Another potential source of uncertainty would be the inversion mechanism. This is known
to amplify the experimental noise. This is more dramatic in the centreline region of the
flame [59], in the first 10% of the radial location. Outside of this region, the noise
amplification is comparatively small. The radial integration performed in the processing of

the results minimizes this random error.
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The map of soot profiles illustrated in Figure 4-7 illustrates the major differences in the

sooting behaviour of the different fuels.
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Figure 4-7 Soot Profile of Ethylene, Propane, Methane Ethane and Butane Flame

The butane flame has the highest flame height for the fuels tested. The methane flame is the
shortest flame but is more bulbous at the top portion of the flame. As well, with the soot
maps, the regions of maximum soot production can easily be identified. For the methane
and ethane flame, this region is on the centerline in the top part of the flame. For ethylene
and butane, this region is on the side of the flame. Again, for propane the soot
concentrations measured in the annular region and on the centerline are similar. It is
important to consider all these parameters when attempting to assess the sooting behaviour

over mixture ranges of these fuels.
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4.1.1 Ethylene / Propane Mixtures

The presence of a synergistic effect in the sooting propensity of a fuel mixture of ethylene
(C,Hy) and propane (C;Hg) has been previously identified [30]. It was the purpose of this
experiment to confirm and further elucidate this effect by using a different optical
diagnostics method and a different type of flame. As well, these experimental results

provided a basis for the validation of the numerical simulations.

The flame height was seen to vary slightly over the mixture range as shown in Figure 4-8,
indicating that the residence time in the flames might be slightly different over the mixture
range. Using the acceleration previously presented in section 3.1.3.2, it was estimated that
the difference in residence time between a flame height of 62 mm and 68 mm is 0.003
seconds, representing a difference of 5% over the total estimated residence time. It was
therefore assumed that this variation was small and no correction was done for the residence

time variation.

0 20 40 60 80 100
] J ). l i I i I 1

68 — — 68
E
E
= 66— — 66
o
(]
X
Q
£
S
('8

64 — - 64

62 T 1 T

T T 1 T 62
0 20 40 60 80 100

Pure Propane
% Carbon from Ethylene Pure Ethylene

Figure 4-8 Flame Height over Mixture Range
(The line represent a quadratic fit of the data)

47



In the case of ethylene/propane mixture, both the peak soot volume fraction and the soot

yield demonstrated a very strong synergistic effect as shown in Figure 4-9 and Figure 4-10.

As explained previously, it is thought that the peak soot volume fraction is not a valid

comparison basis for the different mixtures, it is presented here for comparison with results

obtained by previous researchers which have used this value [30]. However, due to reasons

presented previously, the soot yield is considered more accurate.
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Figure 4-9 Peak Soot Volume Fraction over Ethylene/Propane Mixture Range
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Figure 4-10 Soot Yield over Ethylene/Propane Mixture Range

The peak soot volume fraction showed a very noticeable synergistic effect when the percent
carbon in the fuel obtained from ethylene was between 60% and 100%. The maximum
value was found at a mixture of 85%. This agrees with the findings of Hwang et al. [30].
The peak soot volume fraction at a mixture of 85% was measured to be 9.7 PPM, a 29%
increase from the peak soot volume fraction measured for a pure ethylene flame which was
7.5 PPM. This increase is similar to the increase of the peak soot volume fraction reported

by other researchers in the counter flow flame which was 31% [30].

The soot yield calculated showed this same effect, and again, the peak value was obtained at
a mixture where the contribution of carbon from ethylene was 85%. At this point, the soot
yield was 12.0%, an increase of 16.5% over the pure ethylene soot yield of 10.3%. These
increases indicate a considerable synergistic effect resulting from the addition of a small

quantity of propane.
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4.1.2 Methane / Ethylene Mixtures

Since the ethylene/propane (C,H4/CsHs) mixture demonstrated a very strong synergistic
effect, we would expect the methane/ethylene (CH4/C,Hs) mixture to exhibit a similar
behaviour. As mentioned previously, some researchers had attempted to measure this effect
in a co-flow diffusion flame but had found that the behaviour of the peak soot volume
fraction over the mixture range was linear [30]. Other researchers have successfully
identified a synergistic effect of the peak soot volume fraction in this mixture by keeping the

adiabatic flame temperature constant through dilution [33].

Our first attempt in analyzing this mixture was done without controlling the flame
temperature. An initial look at the peak soot volume fraction indicates a non-linear
behaviour over the mixture range as shown in Figure 4-11 but did not indicate a synergistic

effect.
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However, as mentioned previously, for ethylene, the peak soot volume fraction is lower in
the flame, in the annular regions, whereas for methane, the peak soot volume fraction is
higher in the flame, in the center region. This indicates that the peak soot volume fraction is
not the optimal comparison basis for these different flames and highlights the need to
account for the relative amount of soot these different behaviours represent by calculating
the soot yield. It was found that, contrary to the peak soot volume fraction, the soot yield
showed the possible presence of a synergistic effect when it is compared to a linear
behaviour as shown in Figure 4-12. This confirms that it is essential to compare the
different sooting behaviours of the fuel mixtures based on the soot yield to uncover any
underlying effect that may not be visible when only the peak soot volume fraction is

considered.
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Figure 4-12 Peak Soot Yield over Methane/Ethylene Fuel Mixture

There is an obvious pattern in the deviation from the linear fit of the soot yield. The percent

deviation from linear fit is plotted in Figure 4-13 to illustrate this trend clearly.
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Although a synergistic effect could not be identified in the peak soot volume fraction over

the mixture range in these experiments, it is present when considering soot yield. Other
researchers have found such an effect in the peak soot volume fraction but only when the
mixture was kept under constant adiabatic flame temperature [33]. It is then possible that
the synergistic effect is masked and diminished by the flame temperature variation. The

calculated adiabatic flame temperature is seen to vary over the mixture range by about 150

K as shown in Figure 4-14.
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This prompted interest in measuring and controlling this variable. The temperature variation
could be, according to the adiabatic flame temperature, large enough to obscure the
synergistic effect. Therefore, to confirm the presence of a synergistic effect, the removal of

the flame temperature as a variable is essential.
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4.1.3 Methane / Propane Mixtures

To clarify if in fact the synergistic effect was due to an interaction between even-carbon
numbered species and odd-carbon numbered species, the sooting behaviour of the
methane/propane (CH4/C3sHg) mixture, composed of two odd-carbon numbered species, was
observed. Because of the nature of the fuels, it is expected that the production of even-
carbon numbered species is minimal in both these fuels compared to ethylene. Therefore, if
an interaction between even and odd carbon species in the pathways to soot formation
induces the synergistic effect, it is expected that such an effect would not be seen over the
range of methane/propane mixtures because odd-carbon numbered species are dominant.
Our measurements indicated that in fact, for methane/propane mixtures, no synergistic effect
was present. The peak soot volume fraction behaved linearly within noise limitations over

the mixture range as shown in Figure 4-15.
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To account for the different sooting behaviours over the mixture range, the soot yield was
also calculated and is illustrated in Figure 4-16. The deviation from the linear fit is not
conclusive as to a synergistic trend. As well, it was found that, although the calculated
percent deviation was of a similar range as to that found for the methane/ethylene mixture,

considering the small signal to noise ratio for these low sooting fuels, the difference in an

absolute sense could not be considered significant.
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Figure 4-17 Deviation from Linear Fit of Soot Yield over Methane/Propane Mixture
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From these measurements, no synergistic effect is apparent. The absence of such an effect is
evidence that the synergistic effect measured in the propane/ethylene and methane/ethylene

mixtures may in fact be due to an interaction between even and odd-carbon numbered

species in the pathways to soot formation.
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4.1.4 Methane / Ethane Mixtures

The sooting behaviour over the mixture range of the methane/ethane (CH4/C,H) mixtures

was assessed. The soot yield indicated the presence of a strong synergistic effect as

illustrated in Figure 4-18. It was expected that ethane (C;Hg) pyrolysis would lead to high

concentrations of even-carbon numbered species and that therefore the path to the first ring

formation for the ethane flame would be dominated by the acetylene-based pathways.
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Figure 4-18 Soot Yield over Methane/Ethane Mixture Range

The presence of a synergistic effect again hints at an interaction between odd- and even-

carbon numbered species in the pathways to soot formation.
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4.1.5 Methane / Butane Mixtures

Studying the sooting behaviour of mixtures of butane (CsH)¢) and methane (CHs) can
yield more insight as to the possible interaction of even and odd-numbered carbon
species based pathways since butane is an even-carbon based species and methane is an
odd-carbon based species. It was expected that the butane pyrolysis would lead other
even-carbon species. It was then expected that, if the interaction between even and odd-
numbered carbon species is responsible for the synergistic effect, the sooting propensity
over the mixture range for this mixture would in fact show a synergistic effect. By
contrast, the experimentally measured soot yield did not show a synergistic behaviour

over the mixture range as shown in Figure 4-19.
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Figure 4-19 Peak Soot Yield over Methane/Butane Mixture Range
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However, a potential explanation for this anomaly can be found in the actual pyrolysis
behaviour of butane. It was shown that the pyrolysis of butane behaved very similarly to
that of propane, readily forming odd-carbon numbered species [60] rather than even-
carbon based species as might otherwise be expected. Therefore, the absence of a
synergistic effect in this mixture is explained by the fact that both species behave like
odd-carbon numbered species and indicates that the pathways to soot formation in
propane, butane and methane are similar. Again, the absence of a synergistic effect
tends to indicate that the synergistic effect measured in the propane/ethylene and
methane/ethylene mixtures are in fact due to an interaction between even and odd-

carbon numbered species.
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4.1.6 Ethane / Propane Mixtures

From the results obtained with the methane/ethane mixture, it would be expected that the
ethane/propane (C,H¢/C3Hg) mixture would exhibit a similar behaviour. Surprisingly
however, the soot yield over the mixture range behaved essentially linearly as illustrated

in Figure 4-20.
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Figure 4-20 Soot Yield over Ethane/Propane Mixture Range

Although there is a slight negative deviation of the soot yield from the linear trend at a
mixture of 60%, this deviation is attributed to experimental uncertainty and is not thought

to indicate a real phenomena.

The absence of a synergistic effect in this mixture is surprising, considering the presence
of a strong effect in the methane/ethane mixture. If the synergistic effect in the
methane/ethane mixture is interpreted to be due to an interaction between even and odd-
carbon numbered species in the path to soot formation, it would then be expected that
such an effect would also be present in the ethane/propane mixture. To further clarify

this discrepancy, the ethane/ethylene mixture was analyzed as well.
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4.1.7 Ethane / Ethylene Mixtures

Since no synergistic effect was found in the ethane/propane mixtures but was identified
in the methane/ethane mixtures, it was essential to further clarify the issue by analyzing
the sooting propensity of ethane/ethylene (C,H¢/C,Hs4) mixtures. It has been reported by
other researchers that a synergistic effect could be found in ethane/ethylene mixtures
[30]. Owur experiments confirmed this. The soot yield, illustrated in Figure 4-21,

demonstrates a strong synergistic effect with only small amounts of C,Hs.
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Figure 4-21 Peak Soot Yield over Ethane/Ethylene Mixtures
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The deviation from the linear fit, illustrated in Figure 4-22, confirms this trend.
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This synergistic effect was also visible in the peak soot volume fraction over the mixture

range.

This behaviour is similar to that described by previous researchers.

This

behaviour, combined with the knowledge that a synergistic effect also exists for the

methane/ethane mixtures, and no effect exists for the propane/ethane mixture leads to the

conclusion that, for these mixtures, the interactions between even and odd-carbon species

on the path to soot formation can not fully explain the synergistic effect.
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In an effort to clarify all the experimental results, Table 4-1 summarizes the findings

obtained at this point.

Table 4-1 Summary of Experimental Results

Mixture Methane Ethane Propane
Ethylene | Slight Synergistic Strong Synergistic Strong Synergistic
Effect Effect Effect

Propane | No Synergistic Effect | No Synergistic Effect

Ethane Strong Synergistic
Effect

Butane No Synergistic Effect

As previously mentioned, it is possible that for certain mixtures, the variation of the
flame temperature could be obscuring the synergistic effect, especially in the
ethylene/methane mixtures. Therefore, an additional series of experiments were done
where the flame temperature variation was countered by preheating the fuel and air. The
removal of the flame temperature as a variable will allow to further confirm the presence

of a synergistic effect.
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4.1.8 Effect of Flame Temperature

The flame temperature is a key variable in the sooting propensity of any fuel. To
understand and isolate any chemical phenomena leading to synergistic effects in certain
fuel mixtures, experiments to control the flame temperature were performed. The initial
evaluation of the flame temperature was done. The gas temperatures calculated for the
ethylene flame were compared to temperatures obtained by other researchers using
Coherent Antistokes Raman Spectroscopy (CARS) for a similar ethylene flame [61].
Both temperature profiles are compared in Figure 4-23. The temperatures were found to
be within the combined uncertainties of the measurement. It was noticed that the spatial
resolution of measurements done with thermocouples was much less than for the CARS
technique. However, since the relative behaviour of the temperature is the result of

interest, the accuracy of the measurement was deemed sufficient.
CARS
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Figure 4-23 Comparison of Thermocouple and CARS Measurement for Ethylene

Flame
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Because the ethylene flame contains a lot of soot, the measurements are less accurate

than for a low sooting flame, for example the methane flame.

The adiabatic flame temperature was chosen as an indicator for the actual flame

temperature. It is known that the actual behaviour of the flame temperature is far more

complex than indicated by the adiabatic flame temperature. However, it was verified,

through the measurement of the flame temperature profile of the three main fuels

(ethylene, methane and propane), that this variable would still be adequate in assessing

the relative flame temperature behaviour of the different fuels.

As mentioned

previously, the adiabatic flame temperature of these fuels follows the order of ethylene >

propane > methane as shown in Table 4-2 [62].

Table 4-2 Pure Fuels Adiabatic Flame Temperatures

Fuel Ethylene Propane Methane
Adiabatic Flame 2370 2267 2226
Temperature

As illustrated in Figure 4-24, the flame temperature in the top part of the flame does not

correspond to the trend indicated by the adiabatic flame temperature.
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Figure 4-24 Centerline Flame Temperature for Pure Fuels
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However, this order is not applicable in the top part of the flame because of the different
soot concentrations in the flames. A flame with more soot will cool more rapidly; this
explains the reversed order of the temperatures in the top part of the flame. However, in
the lower part of the flame, the adiabatic flame temperature seems to be a relatively good
indicator of the behaviour. As mentioned previously, pyrolysis, which is very
temperature dependent, is the rate-controlling step of the sooting propensity of any fuel.
This pyrolysis is known to take place in the lower part of the flame; therefore, it is
concluded that the adiabatic flame temperature would be an adequate indication of the
flame temperature which would be controlling the sooting propensity of a fuel. The
preheating was therefore evaluated to keep this adiabatic flame temperature constant for
all mixtures. Table 4-2 list the preheating temperatures for both the fuel and the air

necessary to maintain constant adiabatic flame temperature over the mixture ranges.
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Table 4-3 Preheating Temperature over Mixture Range for Constant Adiabatic

Flame Temperature Condition

Preheating Preheating
% Carbon from Temperature [K] % Carbon from | Temperature [K]
Ethylene Ethylene/ | Methane/ Propane Methane/
Propane | Ethylene Propane
100 % 100 %
(pure Ethylene) 298 298 | (pure Propane) 298
90 % 325 340 90 % 310
80 % 350 380 80 % 320
70 % 375 415 70 % 328
60 % 400 450 60 % 338
50 % 420 480 50 % 346
40 % 445 507 40 % 354
30% 464 533 30 % 362
20% 485 558 20 % 370
10 % 506 583 10 % 376
0% 527 605 0% 380

Both the air and fuel were preheated using an electric heater and electric heating tape
respectively. Their temperatures were measured close to the air and fuel outlet using K
type (Chromel/Alumel) thermocouples. These temperatures were used as feedback by
the controllers, which insured that the desired temperature was achieved and maintained.
This preheating had a noticeable impact on the actual flame temperature as illustrated in

Figure 4-25.
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For the ethylene/propane mixture, an evaluation of the centerline flame temperature
indicated that the preheating did maintain fairly constant flame temperatures in the lower

parts of the flame.
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The sooting behaviour of the mixtures was measured under these constant temperature
conditions. The preheating was seen to have a very significant effect on the sooting

propensity as illustrated in Figure 4-27.
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Figure 4-27 Soot Yield over Ethylene/Propane Preheated Mixture Range

It is interesting to notice that, although the sooting propensity was noticeably increased
by the preheating of the fuel mixtures, the deviation from the linear fit and therefore the
magnitude of the synergistic effect did not increase as seen in Figure 4-28. Therefore, the

synergistic effect was not increased by the increased temperature.

It is also interesting to point out that the sooting propensity of the propane flame was
equal to that of the ethylene flame under the preheated condition. This reiterates the
importance of the odd-carbon based pathways to soot formation, namely propargyl
combination, which are thought to be dominant in a propane flame. This reaction is

temperature-dependent, which would explain the preheating effect.
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It was presented previously that a small synergistic effect could be detected in the
methane/ethylene mixtures and that this effect was indicative of a much stronger
phenomena which would be somewhat hidden by the temperature variation. It was found
by other researchers that by maintaining the adiabatic flame temperature constant through
dilution, a stronger synergistic effect could be uncovered. In this case a similar method
was employed, but the fuel mixtures were preheated. The preheating yielded very similar

flame temperatures for all mixtures in the lower portion of the flame.
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Figure 4-29 Centerline Flame Temperature of Preheated Methane/ethylene Mixture
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The resulting sooting behaviour was greatly enhanced by the preheating as illustrated in
Figure 4-30.
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Figure 4-30 Soot Yield over Methane/ethylene Preheated Mixture Range
Unlike the ethylene/propane mixture, in this case the deviation from the linear fit was.

greatly enhanced by the preheating of the fuel.
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Figure 4-31 Deviation from Linear Fit of Soot Yield over Preheated

Methane/ethylene Mixture Range

This indicates that the reactions responsible for the synergistic effect in this mixture are

greatly influenced by the temperature variation, which was greater than for the
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ethylene/propane mixture. This could indicate that the reactions responsible for the

synergistic effect in the ethylene/propane and methane/ethylene mixtures are different.

As for the methane/propane mixtures, it was proposed that the actual difference in the
adiabatic flame temperatures was too small to be hiding any underlying synergistic effect.
The measured sooting behaviour of the preheated mixtures confirmed this as illustrated in

Figure 4-32.
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Figure 4-32 Soot Yield over Methane/propane Preheated Mixture Range

The preheating of the methane/propane mixture did not influence the soot yield, which
confirms that there is no underlying synergistic effect. Therefore, it is confirmed that
there is no interaction between different sooting pathways in the methane/propane

mixtures. All these results are summarized in Table 4-4.
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Table 4-4 Summary of Experimental Results

Mixture | Methane Ethane Propane

Ethylene | Slight Synergistic Strong Synergistic Strong Synergistic
Effect, Highly Effect Effect, Not temperature
temperature dependent Dependent

Propane | No Synergistic Effect No Synergistic
Effect

Ethane Strong Synergistic
Effect

Butane No Synergistic Effect

Following this analysis, useful additioﬁal information has been gained. In the
ethylene/propane flame, although the sooting propensity over the mixture range was
greatly enhanced by the preheating, the deviation from the linear fit, or the magnitude of
the synergistic effect did not vary. For the methane/ethylene flame, the sooting
propensity and the magnitude of the synergistic effect were greatly enhanced by the
preheating. The preheating in the methane/ethylene flame was much greater than for the
ethylene/propane flame due to the larger difference in adiabatic flame temperature.
Therefore, the different degree of influence on the synergistic eftect is either due to the
difference in preheating, or to the fact that the synergistic effect is caused in the two
mixtures by different pathways with different temperature dependences. As for the
methane/propane mixture, the difference in adiabatic flame temperature was known to be
minimal; consequently, preheating of the fuels did not highlight any underlying
synergistic effect between these two fuels. This absence of an effect would tend to
indicate that the dominating pathways to soot formation for both fuels are the same.
Interpreting on this assumption, it would then be concluded that the synergistic effects
found in the ethylene/propane and methane/ethylene mixtures are caused by the
interaction of the same reactions, meaning that the difference seen in the influence of the

preheating on the magnitude of the synergistic effect would be due to the difference in

preheating.
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4.2 Numerical Results

Numerical simulations were essential in understanding the root cause of the sooting
behaviour of the fuel mixtures since it is impossible to experimentally monitor all the
species of interest. The first soot model used was found to provide good agreement with

the experimental flames for both flame heights and soot concentrations.
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Figure 4-33 Soot profile Ethylene and Propane Flame

The ethylene flame sooting profile illustrated in Figure 4-33 was found to have very good
agreement between the experimental, shown on the left, and numerical behaviours,
shown on the right. As well, the peak soot volume fraction obtained numerically was 6.9
PPM, 9% less than the experimental maximum of 7.5 PPM. As for the propane flame,

the experimental profile is again shown on the left hand side while the numerical profile
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is on the right hand side in Figure 4-33. The agreement between the flame heights is
good; however, the model tends to overestimate the soot concentration by 33%. This is
considered to be acceptable. The comparison of the numerical and experimental sooting
profiles over height for both fuels shown in Figure 4-34 indicates that there is very good
agreement as to the height of the peak concentration as well as the height of the flame.
This confirms the change in reactions rates explained previously and shown in Table 2. It
is noticed, however, that although the experimental measurement illustrate a bimodal
behaviour as explained previously, this is not reproduced in the modeling. The model is
presently underestimating the soot concentration on the flame centerline, leading to an

obscuring of the bimodal behaviour
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Figure 4-34 Peak Soot Concentration over Height: Numerical vs. Experimental

As well, to further validate the model, the flame temperatures for both pure fuels were
compared, as shown in Figure 4-35, and it was found that there was reasonable agreement
between experimental and numerical flame temperatures when the uncertainty of both
values are considered. As well, it is interesting to note that the model was seen to

underestimate the propane flame temperature higher in the flame. This could be due to
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the over-predicted soot concentration which would lead to higher radiation heat loss and

therefore lower temperatures.
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Figure 4-35 Temperature Profile Ethylene and Propane Flames

The model was also found to qualitatively reproduce the synergistic effect for both peak
soot volume fraction and soot yield. However, as shown in Figure 4-36 and Figure 4-37 ,
the increase is not as pronounced as what was measured experimentally. At its peak, the
increase over the pure ethylene flame was of only 4% for both peak soot volume fraction
and peak soot yield compared to increases of 29% and 16.5% respectively obtained
experimentally. As well, this maximum increase was found at a mixture where the
contribution of ethylene to the carbon input was 96%. However, it was found that the
benzene concentration had a very strong synergistic behaviour over the mixture range as

shown in Figure 4-38.
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Mixture Range

This benzene behaviour is indicative of the soot behaviour because of the known
benzene-dependent paths to soot formation. The benzene concentration peaks at a
mixture of 85%, corresponding to the peak soot concentration measured experimentally.
The increase over the molar fraction for pure ethylene is of 35%. As well, the phenyl
(Ce¢Hs) concentration also indicated a strong synergistic effect over the mixture range as

shown in Figure 4-39.
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The difference of behaviour between benzene and phenyl and the sooting behaviour over
the mixture range is an indication that although the chemical kinetics model could be
accurate in reproducing the synergistic effect, the simplified soot model could be hiding
this effect. As mentioned previously, the soot growth was based solely on the acetylene
addition model, whereas recent evidence has indicated that odd-carbon species could also
play an influential role. It would therefore be beneficial to undertake further modeling
with a more sophisticated soot model, allowing additional computational capabilities.
However, this model was successful in qualitatively reproducing the desired synergistic
effect in the sooting behaviour and could therefore help understanding the actual source

of the synergistic from the analysis of its species and reaction rates.

It was found that, as expected, the acetylene concentration decreased rapidly as propane
was added to the mixture. The synergistic effect can therefore not be explained by this
pathway alone. As suggested by other researchers, the synergistic effect seen could be

due to the propargyl (C;Hs) based pathway to first ring formation [30]. Similar to this
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previous study, the present modeling results also show a small synergistic behaviour for
the peak propargyl concentration in the co-flow flame at a mixture of 20% of carbon
from ethylene, as illustrated in Figure 4-40. However, this synergistic effect is found at a
concentration of ethylene much lower than that at which the synergistic effect for the
benzene and soot concentrations are seen. This prompted further analysis of the species

concentrations and reactions rates

0 20 40 60 80 100
0.055 1 ] ! i ! | 1 ] 1 - 0.00036
c 0.05— [
2 - 0.00032 2
7] B Q
o o
w e
w 8 0045 — k|
| e | A meeeaa > ]
= = g
O o 1 — 0000285, 9
<
s g ©
2 0.04 — s
3 I ©
< ] Commmaa a
4 X
3 L 0.0002¢ §
8 0.035 [(or e : o
| @—@—@ Acetylene Concentration |
{ A—A—A Propargyl Concentration | -
0.03 . T . T . T . T . 0.0002
0 20 40 60 80 100
Mixture (% Carbon From Ethylene)
Pure Propane Pure Ethylene

Figure 4-40 Peak Acetylene and Propargyl Molar Fraction over Mixture Range

An analysis of the reaction rates for benzene production and consumption revealed that
the maximum production was found in the lower part of the flame as shown in Figure

4-41.
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Figure 4-41 Total Benzene Formation Rate in Ethylene Flame

The analysis of the rate of benzene (CsHs) production at this height revealed that the

dominating reaction for benzene formation for all mixtures was the following reaction as

illustrated in Figure 4-42 :
n-C4Hs+CH, & Aj+H [Reaction 403]
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As for the phenyl (Cg¢Hs) formation, in the lower part of the flame, the dominating
reaction was propargyl based [reaction 397], whereas the acetylene-based reaction

[reaction 400] was second in importance as shown in Figure 4-43.

CsH3+CsH; & A-+H [Reaction 397]
n-C4H;+CoHy & Ag- [Reaction 400]
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Figure 4-43 Radially Integrated Reaction Rates for Phenyl Formation Height=Smm
in Ethylene Flame

The analysis of the mass flow rate of phenyl at this height indicated that it behaved with a
strongly synergistic pattern as shown in Figure 4-44. This mass flow rate was found by
radially integrating the species volume fraction mutiplied by the density of this species
and the velocity at each grid point. The density of each species was obtained from the

numerical results.
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To understand the origin of this behaviour, the behaviour of propargyl was analyzed and

it was found that although the propargyl mass flow rate did demonstrate a slight

synergistic effect, the pattern of this behaviour differs significantly from the phenyl

synergistic effect as shown in Figure 4-45.
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Figure 4-45 Mass Flow Rate C;H; over Mixture Range at Height of 5 mm

It was found that the mass flow rate of n-C4H; showed a very strong synergistic
behaviour as shown in Figure 4-46. This behaviour was very similar to that of phenyl
and indicates that the strong synergistic effect of phenyl would be due to the synergistic

effect of n-C4Hj through reaction 400.
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Figure 4-46 Mass Flow Rate n-C/JH; over Mixture Range at Height of 5 mm
As well, it was found that in the higher part of the flame, the formation of phenyl is

dominated by the reactions involving benzene [reactions 416-417] as illustrated in Figure
4-47.
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A+OH < A;- +tH,0 [Reaction 416]
Aj+H(EHM) & A (M) [Reaction 417]

Therefore, the phenyl formation would also be highly dependent on the benzene
concentration, which in itself is highly dependent on the acetylene and n-C4H;

concentrations

From this analysis, it was concluded that the path leading to the synergistic effect in the
soot concentration was through the reactions involving acetylene and n-C4H;s as well as,
to a lesser extent, acetylene and n-C4H;. Surprisingly, these reactions are acetylene
based. Although the peak concentrations for the whole flame of acetylene, n-C4H;s and n-
C4H; were found to decrease linearly as propane was added, it was found that at the flame

heights where the production rate of benzene was maximal, the mass flow rate of n-C4H;
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showed a strong synergistic behaviour as illustrated in Figure 4-48. A synergistic

behaviour for n-C4H; was also found as previously shown in Figure 4-44.
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Figure 4-48 Mass Flow Rate n-C4H;s over Mixture Range at Height of 5 mm

To trace back the reason for this synergistic effect, the formation rates of these species

were analyzed.

The formation of n-C4Hs was traced back to the dehydrogenation of C4Hg as illustrated in
Figure 4-49.

C4HgtH & n-C4Hs+H, [Reaction 381]
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This species also had synergistic behaviour over the mixture range as illustrated in Figure

4-50.
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Figure 4-50 Mass Flow Rate n-C4Hg over Mixture Range at Height of 5 mm

This effect could similarly be traced back to the reaction of the vinyl radical (C;H3) with

ethylene (C;H,4) and the combination reaction of the vinyl radical (C,Hs) species.
C,Hs+CoH; & CyHe+ H [Reaction 331]
CHi+ CH; < Cy4Hs [Reaction 332]

The vinyl radical concentration also demonstrated a synergistic effect over the mixture as

shown in Figure 4-51.
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Figure 4-51 Mass Flow Rate C;H; over Mixture Range at Height of 5 mm

Similarly, the synergistic effect indicated in the n-C4H3 concentration was traced back. It

was found that this species was formed through the C4H4 dehydrogenation.

C4sHytH & n-CHj3+H, [Reaction 365]

The C4H4 species itself was formed according to the following reactions:
C,H,+CH; & CH4+H, [Reaction 327]
C4H4+H <& n-C4H; [Reaction 363]

C4H4+H © i-C4H;5 [Reaction 364]

It was found that the vinyl radical formation was dependent on three major reactions:
H+C,Hy & C,H3+H, [Reaction 75]
OH+C,H, ¢ CoHs+H,0  [Reaction 112]
CH;+CyHy < C;H3+CHy  [Reaction 164]
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Inidividually, these reactions did not exhibit a synergisic effect over the mixture range,

however, the added rates exhibited a slight synergistic effect as shown in Figure 4-52.
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Figure 4-52 Radially Integrated Rates for Reactions 75+112+164 over Mixture
Range at Height=Smm

Although this synergistic effect is slight, it could indicate that the root cause for the
synergistic behaviour of the benzene and soot concentrations could be in fact due to the
interaction of even- and odd-carbon numbered species, namely ethylene (C,Hy) and the
methyl radical (CHj3). Over the mixture range, the methyl concentration increases as

propane is added and the ethylene concentration decreases as illustrated in Figure 4-53.
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Figure 4-53 Mass Flow Rate CH; and C;Hy, over Mixture Range at Height of S mm

This would corroborate the work presented by McNesby al [63], where it was evaluated
that adding ethanol to the fuel side of an opposed flow flame would lead to a significant
increase in the methyl radical concentration which would then lead to a significant
increase in the C;Hj3 concentration through reaction 164. The researchers have identified
that this would then contribute to an increase of the n-C4Hs concentration and
consequently an increased benzene and soot formation through this path. It is therefore
established that an increase in methyl radical has a significant impact on the sooting
propensity through this path. This increase combined with the C;H,; species
concentration reduction could then lead to the synergistic effect of the combined reaction
rates shown in Figure 4-52. This would highlight a different interaction between even
and odd-carbon numbered species in the sooting propensity of fuel mixtures than what

has been previously identified.
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It should be noted that our modification of the reaction rates for benzene formation have
led to an increased importance of the acetylene-based pathways. It has been argued by
Miller and Melius [8] that these could not be the dominant pathways due to the higher
stability of the isomers i-C4Hs and i-C4Hj;, which would lead to lower concentrations of n-
C;Hs and n-C4Hj, reducing the importance of the paths dependent on these species.
However, the relative stability of these species and their isomers is still debated [9,10]
and the acetylene-based pathways are still considered important. It is possible, however,

that in this case, its importance was overestimated.

Summarizing the numerical results, the synergistic effect in the ethylene/propane
mixtures was found to be due to an interaction between the even and odd-carbon
numbered species, namely ethylene (C;H4) and methyl radical (CHs), in the vinyl species
(C,H;) formation, leading to a synergistic effect in the acetylene based pathways to soot

formation from the two following reactions:

n-C4H3+CoHy & Aj- [Reaction 400]
n-C4Hs+CoH, & A+H [Reaction 403]

Previous researchers had presented that the synergistic effect would be effectively acting
through the propargyl combination pathways [31]. However, according to the results
presented here, this path is unlikely for the concentration profile of propargyl over the

mixture range considered.
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4.2.1 Comparison of Numerical and Experimental Results

To further validate this possible pathway to the synergistic effect in the soot formation, it

is essential to correlate experimental results with these numerical findings. The

following results were experimentally obtained for the sooting propensities of the

mixtures over the mixture ranges.

Table 4-5 Summary of Experimental Results

Mixture Methane Ethane Propane

Ethylene | Slight Synergistic Strong Synergistic Strong Synergistic
Effect, Highly Effect Effect, Not temperature
temperature dependent Dependent

Propane | No Synergistic Effect No Synergistic

Effect

Ethane Strong Synergistic
Effect

Butane No Synergistic Effect

The numerical findings correlated the synergistic effect identified in the ethylene/propane

mixtures. It can be proposed that the synergistic effect measured in the methane/ethylene

mixture could follow the same pathway. This seems warranted if we consider that, being

a component of both mixtures; the ethylene (C,Hy) concentration in both mixtures should

have similar behaviour over the mixture range. As well, it is expected that the methane

(CH4) pyrolysis would readily form methyl radical (CHs) species following the

dehydrogenation reaction. It therefore seems likely that an interaction between these two

species could occur in a similar fashion as in the ethylene/propane mixture. However, it

was found that, contrary to the ethylene/propane mixture, the preheating of the fuel had a
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very strong influence on the extent of the synergistic effect in the methane/ethylene
mixtures. As mentioned previously, it is expected that for both mixtures, the ethylene
concentration would behave in a similar fashion. Therefore, the distinguishing factor in
the sooting synergistic behaviour for these two mixtures would be due to the methyl
radical formation since this species was found to be responsible for the synergistic effect

through its interaction with ethylene.

A previous study done in a counter-flow diffusion flame has highlighted the main
difference found from the addition of propane and the addition of methane in an ethylene
flame [32]. It was found that the addition of propane to an ethylene flame increased the
methyl radical production in the low temperature regions of the flame, i.e. the lower
portion of the flame [32]. The fact that the addition of this fuel was found to have an
effect in the lower temperature region is key when contrasted against the effeét of
methane addition to an ethylene flame. The methane addition did not have a strong
influence in the low temperature region of the flame but increased the production rate of
methyl radical significantly in the high temperature region of the flame [32]. This would
be due to the fact that the bond energy for the C-H bond in methane is stronger than the
C-C bond in propane, requiring a larger activation energy to break [32]. This difference
in behaviour is key in understanding the strong influence of temperature on the
synergistic effect on the methane/ethylene mixtures. The preheating of the fuel allowed
the easier formation of the methyl radical in a lower part of the flame by increasing the
temperature in the low temperature region of the flame, where the benzene formation was
found to be dominant. The methyl radical formation would be influenced by temperature
in a lesser degree in the ethylene/propane mixtures, explaining the smaller effect of the
preheating on the magnitude of the synergistic effect. Therefore, it is warranted to
propose that for both the ethylene/propane and methane/ethylene mixtures, the

interactions identified numerically would lead to the synergistic effect measured

experimentally.
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It is important to note here that, although the preheating was found to enhance the
synergistic effect significantly in the methane/ethylene mixture, previous researchers
have also identified a strong synergistic effect by maintaining the flame temperature
constant through dilution [33]. These researchers have therefore cooled the flames as to
maintain a pure methane flame temperature. The fact that this rendered the synergistic
effect visible enforces that preheating is not solely responsible for the synergistic effect,

but that the effect is also obscured by the temperature variation over the mixture range.

Other mixtures were found to demonstrate a synergistic effect, namely the
methane/ethane and ethane/ethylene mixtures. Interestingly, no synergistic effect was
measured in the ethane/propane mixtures. The synergistic effect in the ethane/ethylene
mixture had been previously identified in a counter-flow diffusion flame where it has
been demonstrated that the addition of ethane to an ethylene flame résulted in an increase
of the methyl radical concentration in the low temperature portion of the flame [32]. This
increase was lower than for the propane/ethylene flame, which would explain the smaller
synergistic effect. Therefore, for the ethane/ethylene mixtures, the synergistic effect can
again be attributed to the same phenomena as identified for the ethylene/propane and

methane/ethylene mixtures.

Ethane (C,Hg) is known to produce large amounts of ethylene (C;Hs) during its pyrolysis
through its dehydrogenation [60]. Therefore, the interaction between ethylene and
methyl radical species could again explain the synergistic effect in the mixture of
methane/ethane. It is important to note that, in this case, the adiabatic flame temperature
of ethane is 2260 K [62], which is about 100 K lower than for ethylene. Therefore, the
temperature variation over the mixture range is much smaller than for the
methane/ethylene mixture, meaning that the synergistic effect is not obscured by this

temperature variation.
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However, if such an effect existed in the methane/ethane mixture, it would be expected
that the synergy should be present in the ethane/propane mixture as well. Therefore, at
this point, it is proposed that the synergistic effect in the ethane/propane and
methane/ethane mixtures could be due to different causes. To clarify this issue, further

numerical simulations would be essential.

The absence of a synergistic effect in the methane/propane and methane/butane mixtures
was expected considering the path previously presented to explain the synergistic effect.
This synergistic effect was found to be due to an interaction between the methyl radical
and the ethylene concentrations for the vinyl radical formation. For methane, propane
and butane, it was found that small amounts of ethylene were produced during their
pyrolysis [60], rendering any interaction insignificant. The ratio of odd-carbon to even-
carbon species produced for these fuels is comﬁarable, yielding a similar sooting
behaviour over the mixture range [60]. At first glance, this is surprising for the butane
fuel since it is an even-carbon numbered species; however, in-depth analysis of its
pyrolysis behaviour has shown that it is similar to the pyrolysis of propane [60].
Therefore, the absence of synergistic effect in these mixtures further validates that the
synergistic effect measured in other mixtures is due to the interaction between even and

odd-carbon numbered species.
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5 CONCLUSION

The sooting propensity of an array of fuel mixtures was measured experimentally. It was
found that for the mixtures of ethylene/propane, methane/ethylene, methane/ethane and
ethane/ethylene there was a synergistic effect in the sooting propensity over the mixture
range. Such an effect was not found in mixtures of ethane/propane, methane/propane and

methane/butane.

To further clarify the reason for this effect, experiments were done in which the fuel and
air were preheated to maintain a constant adiabatic flame temperature over the mixture
range. With preheating, the sooting propensity of the ethylene/propane mixture was
enhanced and the soot yield from pure propane was found to be similar to the soot yield
of an ethylene flame. However, from the analysis of the deviation from linear fit, it was
found that the magnitude of the synergistic effect was not influenced by the preheating.
The preheating of the methane/ethylene mixture was found to enhance the sooting
propensity over the mixture range as well as significantly increase the magnitude of the
synergistic effect. The preheating of the methane/propane mixture did not reveal any

underlying synergistic effect.

Numerical simulations of the ethylene/propane mixtures were successful in reproducing
the synergistic effect qualitatively. Through an analysis of these results, it was found that
the synergistic effect was not due to the propargyl combination reactions as presented by
other researchers, but traced back to an interaction between the methyl radical (CH;) and
ethylene (C;Hy4) in the formation of the vinyl radical (C;Hs), leading to a synergistic
behaviour over the mixture range of the even-carbon based reactions for first ring

formation.
This interaction successfully explained the synergistic effect in the ethylene/propane,

methane/ethylene and ethane/ethylene mixtures. As well, the dependence of this

synergistic effect on the methyl radical concentration explained the relative effect of the
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preheating on the sooting propensity of the ethylene/propane and methane/ethylene
mixtures through the different activation energies of the reactions forming this species in
methane and propane. As well, the absence of a synergistic effect in the
methane/propane and methane/butane mixtures further validates this interaction of even

and odd-numbered carbon species as responsible for the sooting behaviour.

However, at this point, the presence of a synergistic effect in the methane/ethane
mixtures and the absence of such an effect in the ethane/propane mixtures could not be
explained. It is thought that other reactions could be involved in this effect and that

further numerical simulations targeting these fuels would be essential in understanding

this phenomenon.
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APPENDIX A CHEMICAL KINETICS

The chemical kinetic model used is presented here. This model is based
on that presented by Qin [35]. The rates of reactions 397, 398, 400,
403 have been modified.

The units are as follows:

A [mole-cm-s-K]
E [Cal/mole]

(k = A T**b exp(-E/RT))
E

REACTIONS CONSIDERED A b

1. 204M<=>02+M 1.20E+17 -1.0 0.0
2. O+H+M<=>OH+M 5.00E+17 ~-1.0 0.0
3. O+H2<=>H+OH 3.87E+04 2.7 6260.0
4. O+HO2<=>QH+02 2.00E+13 0.0 0.0
5. O+H202<=>OH+HO2 9.63E+06 2.0 4000.0
6. O+CH<=>B+CO 5.70E+13 0.0 0.0
7. O+CH2<=>H+HCO 8.00E+13 0.0 0.0
8. O+CH2*<=>HZ+CO 1.50E+13 0.0 0.0
9. O+CH2*<=>H+HCO 1.50E+13 0.0 0.0
10. O+CH3<=>H+CH20 S.06E+13 0.0 0.0
11. O+CH4<=>OH+CH3 1.02E+09 1.5 8600.0
12. O+CO (+M)<=>C02 (+M) 1.80E+10 6.0 2385.0
13. O+HCO<=>OH+CO 3.00E+13 0.0 0.0
14. O+HCO<=>H+C02 3.00E+13 0.0 0.0
15. O+CH20<=>0OH+HCO 3.90E+13 6.0 3540.0
16. O+CH20H<=>QH+CH20 1.00E+13 0.0 0.0
17. O+CH30<=>OH+CH20 1.00E+13 0.0 0.0
18. O+CH30H<=>QOH+CH20H 3.8BE+05 2.5 3100.0
19. O+CH30H<=>OH+CH30 1.30E+05 2.5 5000.0
20, O+C2H<=>CH+CO 5.00E+13 0.0 0.0
21. O+C2H2<=>HE+HCCO 1.35E+07 2.0 1900.0
22, O+C2H2<=>QH+C2H 4,60E+19 -1.4 28950.0
23. O+C2H2<=>CO+CH2 6.94E+C6 2.0 1900.0
24. O+C2H3<=>H+CH2CO 3.00E+13 0.0 0.0
25, O+C2H4<=>CH3+HCO 2.50E+07 1.8 220.0
26. O+C2HS5<=>CH3+CH20 2.24E+13 0.0 0.0
27. O+C2H6<=>QH+C2H5 8.98E+07 1.9 5690.0
28. O+HCCO<=>H+2CO 1.00E+14 0.0 0.0
29, O+CH2CO<=>0OH+HCCO 1.00E+13 0.0 8000.0
30. O+CH2CO<=>CH2+C02 1.75E+12 0.0 1350.0
31. 02+C0<=>0+C02 2.50E+12 0.0 47800.0
32. O2+CH20<=>H0O2+HCO 1.00E+14 0.0 40000.0
33. H+O02+M<=>HO2+M 2.80E+18 -0.9 0.0
34. H+202<=>H02+02 2.08E+19 -1.2 0.0
35. H+0O2+H20<=>HO2+H20 1.13E+19 -0.8 0.0
36. H+O2+N2<=>HO2+N2 2.60E+19 -1.2 0.0
37. H+O2+AR<=>HO2+AR 7.00E+17 ~0.8 0.0
38. H+02<=>0+0H 2.65E+16 -0.7 17041.0
39. 2H+M<=>H2+M 1.00E+18 -1.0 0.0
40. 2H+H2<=>2H2 9.00E+16 -0.6 0.0
41. 2H+H20<=>H2+H20 6.00E+19 -1.3 0.0
42. 2H+C0O2<=>H2+C0O2 5.50E+20 -2.0 0.0
43, H+OH+M<=>H20+M 2.20E+22 -2.0 0.0
44 . H+HO2<=>0+H20 3.97E+12 0.0 671.0
45. H+HO2<=>02+H2 7.75E+13 0.0 1068.0
46. H+HO2<=>20H 4. 20E+13 0.0 635.0
47. H+H202<=>HO2+H2 1.21E+07 2.0 5200.0
48, H+H202<=>0H+H20 1.00E+13 0.0 3600.0
49, H+CH<=>C+H2 1.65E+14 0.0 0.0
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H+CH2 (+M) <=>CH3 (+M)
H+CH2*<=>CH+H2
H+CH3 (+M) <=>CH4 (+M)

. H+CH4<=>CH3+H2

H+HCO (+M) <=>CH20 (+M)
H+HCO<=>H2+CO
H+CHZ20 (+M) <=>CH20H {+M)
H4+CH20 (+M) <=>CH30 (+M)
H+CH20<=>HCO+H2
H+CH20H (+M) <=>CH30H (+M)}
H+CH20H<=>H2+CH20
H+CH20H<=>0OH+CH3
H+CH20H<=>CH2*+H20
H+CH30 (+M) <=>CH30H {+M)
H+CH30<=>H+CH20H
H+CH30<=>H2+CH20
H+CH30<=>0H+CH3
H+CH30<=>CH2*+H20
H+CH30H<=>CH2QH+H2
H+CH30H<=>CH30+H2
H+C2H (+M) <=>C2H2 (+M)
H+C2H2 {+M) <=>C2H3 (+M)
H+C2H3 (+M) <=>C2H4 (+M)
H+C2H3<=>H2+C2H2
H+C2H4 (+#M) <=>C2HS5 (+M)
H+C2H4<=>C2H3+H2
H+C2H5 (+M) <=>C2H6 (+M)
H+C2H5<=>H2+C2H4
H+C2H6<=>C2H5+H2
H+HCCO<=>CH2*+CO
H+CH2CO<=>HCCO+H2
H+CH2CO<=>CH3+CO
H+HCCOH<=>H+CH2CO
H2+CO (+M) <=>CH20 {+M)

. OH+H2<=>H+H20

20H (+M) <=>H202 (+M)
20H<=>0+H20
OH+HO2<=>02+H20

. OH+H202<=>H0O2+H20

OH+H202<=>H02+H20
OH+C<=>H+CO
OH+CH<=>H+HCO
OH+CH2<=>H+CH20

. OH+CH2<=>CH+H20

OH+CH2*<=>H+CH20
OH+CH3 (+M) <=>CH30H (+M)
CH+CH3<=>CH2+H20

. OH+CH3<=>CH2*+H20

OH+CH4<=>CH3+H20

. OH+CO<=>H+CO02

OH+HCO<=>H20+CO

. OH+CH20<=>HCO+H20

OH+CH20H<=>H20+CH20

. OH+CH30<=>H20+CH20

OH+CH30H<=>CH20H+H20

. OH+CH30H<=>CH30+H20

117.
118.

OH+C2H<=>H+HCCO
OH+C2H2<=>H+CH2CO
OH+C2H2Z2<=>H+HCCOH
OH+C2H2<=>C2H+H20
OH+C2H2<=>CH3+CO
OH+C2H3<=>H20+C2H2
OH+C2H4<=>C2H3+H20
OH+C2H6<=>C2H5+H20
OH+CH2CO<=>HCCO+H20
2H02<=>02+H202
2HO2<=>02+H202
HO2+CH2<=>QH+CH20
HO2+CH3<=>02+CH4
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186.
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HO2+4+CH3<=>0H+CH30
HO2+CO<=>0H+C02
HO2+CH20<=>HCO+H202
C+02<=>0+C0O
C+CH2<=>H+C2H
C+CH3<=>H+C2H2
CH+02<=>0+HCO
CH+H2<=>H+CH2
CH+H20<=>H+CH20
CH+CH2<=>H+C2H2
CH+CH3<=>H+C2H3
CH+CH4<=>H+C2H4
CH+CO (+M) <=>HCCO (+M}
CH+CO02<=>HCO+CO
CH+CH20<=>H+CH2CO
CH+HCCO<=>CO+C2H2
CH2+02=>0H+H+CO
CH2+H2<=>H+CH3
2CH2<=>H2+C2H2
CH2+CH3<=>H+C2H4
CH2+CH4<=>2CH3
CH2+CO (+M) <=>CH2CO {+M)
CH2+HCCO<=>C2H3+CO
CH2*+N2<=>CH2+N2
CH2*+AR<=>CH2+AR
CH2*+02<=>H+0OH+CO
CH2*+02<=>C0O+H20
CH2*+H2<=>CH3+H

CH2*+H20 (+M) <=>CH30H (+M)

CH2*+H20<=>CH2+H20
CH2*+CH3<=>H+C2H4
CH2*+CH4<=>2CH3
CH2*+C0<=>CH2+CO
CH2*+C02<=>CH2+C02
CH2*+C02<=>CO+CH20
CH2*+C2H6<=>CH3+C2H5
CH3+02<=>0+CH30
CH3+02<=>0QH+CH20
CH3+H202<=>HO2+CH4
2CH3 (+M) <=>C2H6 (+M)
2CH3<=>H+C2H5
CH3+HCO<=>CH4+CO
CH3+CH20<=>HCO+CHA4
CH3+CH30H<=>CH20H+CH4
CH3+CH30H<=>CH30+CH4
CH3+C2H4<=>C2H3+CH4
CH3+C2H6<=>C2H5+CH4
HCO+H20<=>H+CO+H20
HCO+M<=>H+CO+M
HCO+02<=>H02+CO
CH20H+02<=>H02+CH20
CH30+02<=>H02+CH20
C2H+02<=>HCO+CO
C2H+H2<=>H+C2H2
C2H3+402<=>HCO+CH20
C2H4 (+M) <=>H2+C2H2 (+M)
C2H5+02<=>H0O2+C2H4
HCCO+02<=>0QH+2CO
2HCCO<=>2C0O+C2H2
O+CH3=>H+H2+CO
O+C2H4<=>H4+CH2CHO
O+C2H5<=>H+CH3CHO
OH+HO2<=>02+H20
OR+CH3=>H2+CH20
CH+H2 (+M) <=>CH3 (+M)
CH2+02=>2H+C02
CH2402<=>0+CH20
CH2+CH2=>2H+C2H2
CH2*+H20=>H2+CH20
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252.
253.
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256.

C2H3+02<=>0+CH2CHO
C2H3+02<=>H02+C2H2
O+CH3CHO<=>0OH+CH2CHO
O+CH3CHO=>OH+CH3+CO
02+CH3CHO=>HO2+CH3+CO
H+CH3CHO<=>CH2CHO+H2
H+CH3CHO=>CH3+H2+CO
OH+CH3CHO=>CH3+H20+CO

HO2+CH3CHO=>CH3+H202+C0O

CH3+CH3CHO=>CH3+CH4+CO

H+CH2CO (+M) <=>CH2CHO (+M)

O+CH2CHO=>H+CH2+C02
02+CH2CHO=>0H+CO+CH20
02+CH2CHO=>0H+2HCO
H+CH2CHO<=>CH3+HCO
H4CH2CHO<=>CH2CO+H2
OH+CH2CHO<=>H20+CH2CO
OH+CH2CHO<=>HCO+CH20H
CH3+C2H<=>C3H3+H
C2H2+CH<=>C3H2+H
C2H2+CH2<=>C3H3+H
C2H2+CH2*<=>C3H3+H
C2H2+HCCO<=>C3H3+CO
C3H2+0<=>C2H2+CO
C3H2+0H<=>HCO+C2H2
C3H2+02<=>HCCO+H+CO
C3H2+H<=>C3H3
C3H3+H<=>pC3HE4
C3H3+H<=>aC3H4
C3H3+H<=>C3H2+H2
C3H3+4+0<=>CH20+C2H
C3H3+0H<=>C3H2+H20
C3H3+02<=>CH2CO+HCO
C3H3+H02<=>0H+CO+C2H3
C3H3+HO2<=>aC3H4+02
C3H3+HO2<=>pC3H4+02
C3H34HCO<=>aC3H4+CO
C3H3+HCO<=>pC3H4+CO
aC3H4+H<=>C3H3+H2
aC3H4+H<=>CH3CCH2
aC3H4+H<=>aC3H5
aC3H4+0<=>C2H4+CO
aC3H4+0H<=>C3H3+H20
aC3H4+CH3<=>C3H3+CH4
aC3H4+C2H<=>C2H2+C3H3
pC3H4<=>cC3H4
pC3H4<=>aC3H4
cC3H4<=>aC3H4
pC3H4+H<=>aC3H4+H
pC3HA+H<=>CH3CCH2
pC3H4+H<=>aC3H5
PC3H4+H<=>C3H3+H2
pC3H4+0<=>HCCO+CH3
pC3H4+0<=>C2H4+CO
pC3H4+0H<=>C3H3+H20
pC3H4+C2H<=>C2H2+C3H3
pC3H4+CH3<=>C3H3+CH4
C3HB8+H<=>H2+nC3H7
C3H8+H<=>H2+iC3H7
C3H8+0<=>nC3H7+0H
C3H8+0<=>iC3HT+OH
C3H8+0H<=>nC3HT7+H20
C3H8+0H<=>1C3HT7+H20
C3H8+02<=>nC3H7+HO2
C3H8+02<=>iC3H7+HO2
C3H8+HO2<=>nC3H7+H202
C3H8+HO2<=>1C3H7+H202
C3HB8+CH3<=>CH4+nC3H7
C3H8+CH3<=>CH4+iC3H7
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L21E+11
.34E+06
L92E+12
.92E+12
.01E+13
.05E+09
.05E+09
.34E+10
.01E+12
.T2E+06
.87E+11
.50E+14
.81E+10
.35E+10
L.20E+13
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.20E+13
.01E+13
.41E+13
.00E+13
.20E+13
.00E+13
.00E+11
.80E+13
.80E+13
.00E+12
.00E+13
.55E+12
L.25E+11
.00E+13
.00E+13
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L17E+10
.00E+11
.00E+11
.10E+12
.50E+13
.50E+13
.30E+06
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.52E+59
.00E+07
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.30E+06
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257.

273.
274,
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.
285.
286.
287.
288.
289.
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291.
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294.
295.
296.
297.
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303.
304.
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306.
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308.
300.
310.
311.
312,
313.
314.
315.
316.
317.
318,
319,
320.
321.
322.
323.
324.
325.

nC3KH7+H (+M) <=>C3HB (+M)
nC3H7+H<=>C2HS5+CH3
nC3HT7+H<=>C3H6+H2
nC3H7+0<=>C2H5+CH20
nC3H7+0H<=>C3H6+H20
nC3H7+02<=>C3H6+H02
nC3H7+HO2<=>C2H5+0H+CH20

. nC3H7+HCO<=>C3HB8+CO

nC3H7+CH3<=>CH4+C3H6
IC3HT7+H (+M) <=>C3H8 (+M)
1C3HT7+H<=>CH3+C2H5
iC3H7+H<=>C3H6+H2
iC3H7+0<=>CH3CHO+CH3
iC3HT+OH<=>C3H6+H20
1C3HT7+02<=>C3H6+H02
1C3HT+HO2<=>CH3CHO+CH3+0OH
1iC3HT7+HCO<=>C3H8+CO
iC3HT7+CH3<=>CH4+C3H6
C3H6+H (+M) <=>nC3H7 (+M)
C3H6+H (+M) <=>1C3H7 (+M)
C3H6+H<=>C2H4+CH3
C3H6+H<=>aC3H5+H2
C3H6+H<=>CH3CCH2+H2
C3H6+0<=>CH2CO+CH3+H
C3H6+0<=>C2H5+HCO
C3H6+0<=>aC3H5+0H
C3H6+0<=>CH3CCH2+0H
C3H6+0H<=>aC3H5+H20
C3H6+0H<=>CH3CCH2+H20
C3H6+HO2<=>aC3H5+H202
C3H6+CH3<=>aC3H5+CH4
C3H6+CH3<=>CH3CCH2+CH4
aC3H5+H (+#M) <=>C3H6 (+M)
aC3H5+H<=>aC3H4+H2
aC3H5+0<=>C2H3CHO+H
aC3H5+0H<=>C2H3CHO+H+H
CZH3+HCO<=>C2H3CHO
C2H3CHO+H<=>C2H4+HCO
C2H3CHO+0<=>C2H3+0H+CO
C2H3CHO+0<=>CH20+CH2CO
C2H3CHO+0H<=>C2H3+H20+CO
aC3H5+0H<=>aC3H4+H20
aC3H5+02<=>aC3H4+HO2
aC3H5+02<=>CH3+CO+CH20
aC3H5+02<=>C2H3CHO+OH
aC3H5+H02<=>C3H6+02
aC3H5+HO2<=>0H+C2H3+CH20
aC3H5+HCO<=>C3H6+CO
aC3HS5+CH3<=>aC3H4+CH4
aC3H5+aC3H5<=>C3H6+aC3H4
aC3HS5<=>CH3CCH2
CH3CCH2+H<=>pC3H4+H2
CH3CCH2+0<=>CH3+CH2CO
CH3CCH2+0OH<=>CH3+CH2CO+H
CH3CCH2+02<=>CH3+4C0O+CH20
CH3CCH2+HO2<=>CH3+CH2CO+0H
CH3CCH2+HCO<=>C3H6+CO
CH3CCH2+CH3<=>pC3H4+CH4
CH3+C2H2<=>pC3H4+H
CH3+C2H2<=>aC3H4+H
CH3+C2H2<=>CH3CCH2
CH3+C2H2<=>aC3H5
CH3+C2H3 (+M) <=>C3H6 (+M)
CH3+C2H3<=>aC3H5+H
CH3+C2H4<=>nC3H7
CH3+C2HS5 (+M) <=>C3H8 {+M)
C2H3+C2H5<=>aC3H53+CH3
C2H2+C2H<=>C4H2+H
C2H2+C2H<=>n-C4H3
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.06E+56
.34E+12
.00E+13
.00E+12
.00E+11
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.00E+13
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.S0E+37

i

[
O MFHFOOOUVWOOOWWNNNOORENNNOOQOOOOSOOOWOOOoOOOOODONO

1
= ¢
= O O

| [
~N oo .

[
OO OC K

|
! [l |
ONONBROFH OOOOOOCO

12505.

o

1591

3260.
1559.
11180.
2490.
9790.
327.
-972.
5880.
7630.
-298.
1450,
13910.
5675.
11660.

30126.

1820.
3540.

SO O0ODOCONODODOOOOO

112



326.
327.
328.
329.
330.
331.
332.
333.
334.
335.
336.
337.
338.
339.
340.
341.
342.
343.
344,
345.
346.
347.
348.
349.
350.
351.
352.
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355.
356.
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358.
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360.
361.
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379.
380.
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387.
388.
389.
390.
391.
392.
393,
394.

C2HZ2+C2H<=>1-C4H3
C2H2+C2H3<=>C4H4+H
C2H2+C2H3<=>n~C4H5
C2H2+C2H3<=>1-C4H5
C2H4+C2H<=>C4H4+H
C2H4+C2H3<=>C4H6+H
C2H3+C2H3<=>C4H6
C2H3+C2H3<=>1-C4H5+H
C2H3+C2H3<=>n-C4H5+H
C3H2+CH<=>C4H2+H
C3H2+CH2<=>n~C4H3+H
C3H2+CH3<=>C4H4+H
C3H2+HCCO<=>n-C4H3+CO
C3H3+HCCO<=>C4H4+CO
C3H3+CH<=>1i-C4H3+H
C3H3+CH2<=>C4H4+H
1-C4H5+H<=>C3H3+CH3
C3H3+CH3 (+M) <=>C4H612 (+M)
Al-+pC3H4<=>A1+C3H3
Al~-+aC3H4<=>A1+C3H3
C4H2+H<=>n-C4H3
C4HZ2+H<=>1-C4H3
C4H2+0<=>C3H2+CO
C4H2+0OH<=>H2C40+H
H2C40+H<=>C2H2+HCCO
H2C40+0H<=>CH2CO+HCCO
n-C4H3<=>i-C4H3
n—-C4H3+H<=>1i~C4H3+H
n—-C4AH3+H<=>C2H2+C2H2
1-C4H3+H<=>C2H2+C2H2
n-C4H3+H<=>C4H4
i~C4H3+H<=>C4H4
n-C4H3+H<=>C4H2+H2
i~C4H3+H<=>C4H2+H2
n-C4AH3+0H<=>C4H2+H20
1i~C4H3+0H<=>C4H2+H20
i-C4H3+02<=>HCCO+CH2CO
C4H4+H<=>n-C4H5
C4H4+H<=>1-C4HS
C4H4+H<=>n-C4H3+H2
C4H4+H<=>1-C4H3+H2
C4H4+0H<=>n~-C4H3+H20
C4H4+0H<=>1-C4H3+H20
n-C4H5<=>1~C4H5
n-C4H5+H<=>i-C4H5+H
C4H6<=>1-C4H5+H
C4H6<=>n-C4H5+H
n-C4H5+H<=>C4H4+H2
i-C4HS5+H<=>C4H4+H2
n—-C4HS+OH<=>C4H4+H20
1i-C4HS+0H<=>C4H4+H20
n-C4H5+02<=>C2H4+CO+HCO
1-C4H5+02<=>CH2CO+CH2CHO
n—-C4H5+HCO<=>C4H6+CO
1i-C4HS+HCO<=>C4H6+CO
C4H6+H<=>n~C4HS5+H2
C4HG6+H<=>i-C4H5+H2
C4H6+H<=>pC3H4+CH3
C4H6+0<=>HCO+aC3H5
C4H6+0H<=>n-C4H5+H20
C4H6+0OH<=>1~C4H5+H20
C4H612+H<=>C4H6+H
CAH612+H<=>1~C4H5+H2
C4H612+H<=>aC3H4+CH3
C4H612+H<=>pC3H4+CH3
C4H612+0<=>CH2CO+C2H4
C4H612+0<=>1-C4HS5+0H
C4H612+0H<=>1~C4H5+H20
C4H612<=>C4H6
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395.
396.
397.
398.
399.
400.
401.
402.
403.

C4H2+C2H<=>C6H2+H
C4H2+C2H<=>C6H3
C3H3+C3H3<=>Al-+H
C3H3+C3H3<=>Al
n-C4H3+C2H2<=>1-C6H4+H
n-C4H3+C2H2<=>Al1-
n-C4H3+C2H2<=>c-C6H4+H
C4H4+C2H<=>1-C6H4+H
n-C4H5+C2R2<=>A1+H

. C6H2+H<=>C6H3

. C6H3+H<=>C4H2+C2H2

. C6H3+H<=>1-C6H4

. C6H3+H<=>C6H2+H2

. C6H3+OH<=>C6H2+H20

. C6H3+02<=>CO+C3H2+HCCO
. 1-C6H4+H<=>Al-

. 1-C6H4+H<=>c-C6H4+H

. 1-C6H4+H<=>C6H3+H2

1-C6H4+0OH<=>C6H3+H20

. c~C6H4+H<=>Al-

. Al+H<=>Al-+H2

. Al+OH<=>Al1-+H20

. Al=-+H (+M) <=>Al (+M)

. Al+0<=>C6H50+H

. Al+OH<=>C6HS50H+H

. Al-+02<=>C6H50+0

. C6H50<=>CO+C5H5

. C6HS50+H<=>CO+C5H6

. C6H50+0<=>HCO+2C2H2+CO
. C6HS50+H (+M) <=>C6H50H (+M)
. C6HS50H+H<=>CG6H50+H2

. C6HS50H+0<=>C6H50+0H

. C6HS5OH+0OH<=>C6H50+H20
. CS5HS+H (+M) <=>C5H6 (+M)
. C5H5+0<=>n-C4H5+CO

. CH5H5+0H<=>CSH4OH+H

. C5H5+H02<=>C5H50+0H

. C5H6+H<=>C5H5+H2

. C5H6+0<=>C5HS+0H

. C5H6+0H<=>C5H5+H20

. C5H50<=>n-C4H5+CO

. C5H50+H<=>CH20+2C2H2

. C5H50+0<=>C02+n-C4HS

. CS5H40H<=>C5H40+H

. C5H40H+H<=>CH20+2C2H2
. C5HAOH+0<=>C02+n~C4H5
. C5H40<=>CO+C2H2+C2H2

. CS5H40+0<=>C02+2C2H2

. aC3H5+CH3 (+M) <=>C4H81 (+M)
. C4H81+H<=>CZH4+C2HS

. C4H81+H<=>C3H6+CH3

. CAH81+H<=>C4H7+H2

. C4H81+0<=>nC3H7+HCO

. C4H81+0<=>C4H7+0H

. C4H81+0<=>C4H7+OH

. C4H81+0OH<=>C4H7+H20

. C4H81+02<=>C4H7+H02

. C4H81+HO2<=>C4H7+H202
. C4H81+CH3<=>C4HT7+CH4

. C4H7<=>C4H6+H

. C4H7+H (+M) <=>C4H81 (+M)
. C4H7+H<=>CH3+aC3HS

. CAH7+H<=>C4H6+H2

. C4H7+02<=>C4H6+HO2

. C4H7+HO2<=>CH20+0H+aC3H5
. CA4HT7+HCO<=>C4HB81+CO

. C4H7+CH3<=>C4H6+CH4

. C2H3+C2H4<=>C4H7

. C2H3+C2HS (+M) <=>C4HS81 (+M)
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