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ABSTRACT

COMBUSTION AND CHEMICAL KINETICS STUDY OF JET FUEL, BIOGAS AND
SOLID FUEL IN DIFFUSION FLAMES

By

Saeid Jahangirian

This study is organized into three parts focusing on jet fuel combustion, biogas

combustion, and solid fuel microgravity combustion.

In Part I, combustion and chemical kinetics of high molecular weight hydrocarbon
blends at the onset of soot formation are studied. The chemical structure of ethylene
counterflow diffusion flames doped with trace amounts of jet fuel or two promising jet
fuel surrogates is analyzed by gas sampling via quartz microprobes and GC/MS. A
dataset for the pyrolysis, oxidation and sooting behavior of jet fuel in diffusion flames is
provided. The critical fuel decomposition products and soot precursors, such as acetylene,
benzene and toluene, are compared to evaluate surrogate formulations. The data for C7-
C12 alkanes are consistent with typical decomposition of large alkanes with both
surrogates (6 and 2-component) showing good qualitative agreement with jet fuel in their
pyrolysis trends. The acetylene profiles present a unique multimodal behavior. Good
agreement between jet fuel and the surrogates is found with respect to critical soot

precursors such as benzene and toluene.

In Part II, combustion and kinetics of biogas, which is a viable alternative gas

turbine fuel, is modeled in premixed and non-premixed configurations. A modeling study

is conducted on blends of CH4 and CO, simulating biogas from digestion plants or



landfills to compare predictions for four non-sooting counterflow diffusion flames and to

examine their thermal and chemical structure. In addition to evaluation of thermal
influences of biogas CO,, the chemical influences of CO; are quantified because CO,

dilution through chemical effects is shown to reduce soot precursors, emissions of NOx

and greenhouse gases even without flame temperature reduction.

In Part III, diffusion flames spreading near solid fuel surfaces are investigated
numerically and analytically in 2-D domains for both unconfined and confined
environments. A model of surface-attached ‘solid fuel flames with weak convection is
constructed. Flame spread over thin fuels is studied in a confined geometry because of its
implications for fire safety in normal gravity. It is demonstrated that the buoyancy is
suppressed in the MSU Narrow Channel Apparatus, which produces test conditions that

can simulate conditions achieved in actual microgravity.
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Chapter 1  Introduction

Combustion research can be broadly classified into two categories: simple fluid
mechanics, but complex kinetics, including real fuels such as blends of large
hydrocarbons; or, the reverse, complex fluid mechanics, but simple chemical kinetics.
Fundamental studies on both categories are necessary before starting to face the greater

challenge of complex fluid mechanics and complex chemical kinetics [1].

This thesis is organized into three parts (Parts I-III) focusing, respectively, on jet
fuel combustion, biogas combustion, and solid fuel combustion in microgravity
conditions. It focuses mostly on diffusion flames and ranges from studies on complex
chemistry with simple fluid mechanics (as in Part I) to problems involving complex
patterns of heat and flow transfer modeled with a simple underlying chemistry (as in Part
IIT). In Parts I to III, a broad range of fuels are studied, which are, respectively, in liquid,

gaseous, or solid state.

In Part I, combustion of jet fuel and jet fuel surrogates, which are blends of large
molecular weight fuels with complex kinetics, is experimentally studied. The objective is
to study the structure of jet fuel doped diffusion flames at the onset of soot formation. In
Part II, a combustion and chemical kinetic modeling is performed for biogas, which is
produced from anaerobic digestion of biodegradable materials and is presently a viable
alternative fuel (e.g., for gas turbines). Finally, in Part III, flame-surface interactions and

combustion of solid fuels in simulated microgravity conditions are numerically and



analytically investigated. Thin biomass samples (e.g., thin cellulosic fuels) are the

principal solid fuels used.

The dissertation is organized so that this short introduction is followed
consecutively by Parts I to III. Each part starts with a chapter in which a review of
previous work, the motivation of research, and an introduction to the methodology of
research conduct are all thoroughly presented. The second and third chapters of each part
define the metrics of the problem after which résults are presented and discussed.
Conclusions in Chapter 11 include all concluding remarks as well as recommendations
for future work pertaining to Parts I to III. Chapter 11 is followed by appendices.

References for all parts are listed in 0. -

Research in Part I, was conducted at Yale Center for Combustion Studies under the
Air Force Office of Scientific Research (AFOSR) jet fuel surrogate program. A
background of the research on jet fuel and its surrogates is presented in Chapter 2. In
Chapter 3, the experimental procedure followed for the detailed chemical analysis of
simple or complex fuels is explained. In Chapter 4, a well-defined baseline ethylene
diffusion flame under incipiently sooting conditions is perturbed with the addition of
either jet fuel or two jet fuel surrogates. Attempts are made to validate the surrogate
formulations with respect to the flame structure and to provide an experimental database
for the pyrolysis and oxidation behavior of jet fuel at the onset of sooting in diffusion

flames.

Research in Part II on biogas combustion is motivated by the worldwide interest in
alternative fuels, especially for stationary power generation. Particularly, it is of interest

to the U.S. Departments of Energy and Agriculture as well as many State Governments.



In Chapter 5, the latest progress and challenges in biogas research are discussed. Also,
biogas benefits, production methods and compositions are explained. In Chapter 6, a
chemical kinetics study is performed for simulated biogas blends in premixed flames.
First, a laminar counterflow diffusion flame configuration is chosen to evaluate some
detailed and reduced mechanisms in regard to their applicability for the biogas chemical
kinetics study. Gas phase equilibrium calculations are then performed, followed by
ignition delay time and laminar flame speed calculations. In Chapter 7, thermal and

chemical structure of biogas counterflow diffusion flames is examined. A detailed kinetic

modeling of CO, diluted methane blends, which are typical biogas blends, is conducted.
In addition, thermal and chemical influences of CO, content of biogas on flame

temperature and emissions of NOx, soot and green house gases are evaluated.

Microgravity flame spread over solid fuels, investigated in Part III, is conducted in
collaboration with NASA Glenn Research Center under the NASA microgravity
program. Chapter 8 explains the motivation to investigate diffusion flames near solid fuel
surfaces in either an “open” or a “confined” environment. In Chapter 9, an analytical and
numerical model of surface-attached solid fuel flames with weak convection is
constructed. The ultimate purpose of this study is to establish a model to examine flame
structure, heat transfer, and reaction rate in flames attached to solid fuel surfaces,
particularly surfaces in which multiple flames (or flamelets) may exist. In Chapter 10,
flame and flamelet spread over thin solid fuels in simulated microgravity conditions is
studied. Numerical analyses are compared with two sets of experiments involving flame
spread in a Narrow Channel Apparatus (NCA, available at MSU and NASA) in normal

gravity, and the others taking place in actual microgravity in the NASA drop facilities.



Part 1

Experimental Study of Jet Fuel
Combustion



Chapter 2 Background and Introduction to Jet Fuel
and Jet Fuel Surrogate Combustion

Transportation fuels, including jet fuels, constitute a significant share of the world’s
energy consumption. Common jet fuels include Jet A-1, Jet A, and JP-8. They comprise
hundreds of aromatic compounds and aliphatic componenfs, such as straight chain
paraffins, branched chain paraffins, cycloparaffins, and alkenes [2]. The increasing need
for energy security as well as imposing stringent emission regulations for NOx, CO,

particulates, and green house gases such as CO; necessitates: 1) Improved chemical

modeling of conventional aviation fuels such as JP-8; 2) Development and
commercialization of alternative transportation fuels like Fischer-Tropsch (F-T) jet fuels.
Depending on the source of the parent crude and the refinery process, the jet fuel
composition may vary significantly. The future fuel supply will become more and more
diversified and burning a broad range of fuels as well as reduction of pollutant (e.g. soot)
formation will pose new challenges to the implementation of their combustion. This trend
will necessitate fundamental studies in well-defined and well-controlled environments to
establish, among other aspects, the chemical kinetic behavior of these complex fuel

blends.

Characterization and simulation of jet fuel chemical kinetics and transport is only
practical by identifying surrogate mixtures having a relatively small number of
components. The surrogate physical and chemical properties should capture essential
features of real fuels in prototypical combustion conditions. The chemical community

selects and characterizes surrogate fuel formulations. Normal paraffins, iso-paraffins,



cyclo-paraffins, olefinic species, single ring aromatics, and multi-ring aromatics are
typical constituents for a surrogate mixture. Colket et al. [3] proposed a road map for
future development of surrogate fuels, which resulted from discussions at a number of
meetings of a surrogate fuel working group. Developed surrogate formulations would
need experimental validation with respect to the real jet fuels. Surrogate mixtures have
been defined and tested in many experimental conditions and configurations, including
flow/stirred reactors, shock tubes, premixed flames, pool fires, and counterflow diffusion
flames. A comprehensive review was presented by Dagaut et al. [4]. Parallel attempts are
made to compile semi-detailed kinetic mechanisms for a suggested surrogate. Each
kinetic modeling should also be validated with experimental data of both the surrogate
and the real jet fuel. Once the surrogate formulation and the semi-detailed kinetic
mechanism are validated, the next step will be a systematic reduction of the surrogate
kinetic mechanism. Reduced mechanisms can potentially be utilized in CFD codes with a

significantly lower computational cost.

2.1. Jet fuel surrogates

In the late 1980’s, Wood et al. [5] formulated a 14-component JP-4 surrogate based
on its compound class composition and distillation curves. Subsequent efforts by Schulz
et al. [6] led to a 12-component jet fuel surrogate. Feasibility, simplicity, fuel class
similarity, and cost are essential criteria that guided subsequent work aimed at decreasing
the number of components to produce more manageable formulations. Violi et al. [7]
reported a six-component Utah surrogate designed to match the volatility of jet fuel and
its overall sooting behavior based on smoke point tests. Five-component surrogates e.g.

the Drexel surrogate [8] or the Utah/Violi Surrogate #3 [7], four-component surrogates



e.g. the surrogate in [9], and three-component surrogates e.g. the UC San Diego/Milan
surrogate [10] have also been reported. More recently, the number of components has
further decreased with the minimization effort culminating in the two-component Aachen
surrogate [11]. Single-component surrogates, though initially contemplated, are now
generally thought to lack the necessary flexibility to match the jet fuel performance in a
sufficiently broad parameter space. In recent work in pressurized flow reactors, Natelson
et al. [12] experimentally studied jet fuel and a three-component jet fuel surrogate
suggested by the surrogate fuels working group at pressures as high as 0.8 MPa. The
three-component surrogate showed higher reactivity than jet fuel suggesting that an
improvement is possible by adding iso-paraffins. Experiments by Holley et al. [13] in a
counterflow non-premixed configuration found that the six-component Utah surrogate [7]
increased ignition propensity and resistance to extinction compared to jet fuel. This
behavior was attributed to mismatched transport properties. Vasu et al. [14] measured
ignition delay times of jet fuels in a shock tube and compared them with predictions of
some current kinetic mechanisms [15, 16]. The five-component Utah surrogate (Violi
Surrogate #3 [7]), when used with the Milan mechanism [15], revealed the closest
agreement in ignition delay times, especially in capturing the high-temperature trend.
This work has continued on individual components of the surrogate mixture, n-dodecane
(n-C)2H2) and methylcyclohexane (MCH), with shock-tube experiments on the former
[17]) and with measurements of OH time-histories of oxidation behind reflected shocks

for the latter [18].



2.2.  Surrogates for alternative jet fuels

Alternative jet fuels can be derived from shale, coal, biomass, or natural gas.
Fischer-Tropsch (F-T) jet fuels are derived from synthesis gas (CO+H;) made from

natural gas using the Fischer-Tropsch process [19]. These fuels can significantly reduce
particulate matter (PM) emissions. The complex F-T jet fuels are drawing more and more
interest worldwide and in the U.S. The U.S. Department of Defense and the Department
of Energy are jointly working through programs such as the Clean Fuels Initiative to
develop F-T jet fuels and to assess their national security benefits and weigh them against

cost and availability concerns [20].

JP-8 mixed with synthetic jet fuels (synjet) makes an aviation fuel blend e.g. F-T
Jet A-1 (S-8). Since the F-T jet fuels consist mainly of paraffins [21], which in case of S-
8 are alkanes with one or two attached methyl groups [22], a surrogate for these fuels
should likely include iso-paraffin as a major component. The reason for this extent of
isomerization is to meet the jet fuel density and freeze point specifications [19]. Recently,
Natelson et al. [23] experimentally studied the pre-ignition and autoignition behavior of
the F-T jet fuels and possible surrogates to understand the inﬂuencés of compositional
differences on the chemistry of pre-ignition and autoignition. Kahandawala et al. [24]
investigated JP-8, an F-T synthetic jet fuel, and a one-component surrogate synjet fuel (2-
methylheptane) in a shock tube and showed that both surrogate and actual synjet, and JP-
8 fuels had similar ignition delays. Mawid [25] suggested a two-component S-8 F-T

surrogate, which showed a similar ignition behavior to a JP-8 surrogate.



2.3. Kinetic modeling of jet fuel surrogates

Jet fuel surrogate mechanisms consist of hundreds of species and thousands of
reactions (e.g. Complete Ranzi mechanism: 310 species and 8335 reactions; Zhang
mechanism: 208 species and 1087 reactions [16]; Mawid mechanism: 226 species and
3230 reactions [26]). These kinetic mechanisms for various surrogate blends have been

computationally modeled in both premixed and non-premixed configurations.

Ignition delay times and laminar burning velocities of jet fuel surrogates have been
calculated using FlameMaster [27] or CHEMKIN [28] codes. Honnet et al. [11] modeled
a 2-component JP-8 surrogate (the Aachen surrogate) with FlameMaster. Vasu et al. [14]
used CHEMKIN to find ignition delay times of 5- and 6- component jet fuel surrogates
(Violi surrogates [7]). Dagaut et al. [29] used PREMIX [30] and PSR [31] CHEMKIN-

based codes to model their 3-component jet fuel surrogate.

Counterflow diffusion flame codes such as OPPDIF [32] and FlameMaster [27] are
well established and are widely used to study jet fuel surrogates [10, 11, 33, 34]. Highly
optimized libraries and optically thin radiation models have been employed to evaluate
the thermodynamic and transport properties, the chemistry, and the radiative flux [33].
When large chemical mechanisms are to be modeled, many modifications are necessary
to the original codes. Many combustion mixtures of our interest include large jet fuel
hydrocarbons or their surrogate components. These contain molecules of disparate
molecular weight. Also, in the case of sooting flames, multi-ring PAH’s can form heavy
reaction intermediates. Relevant transport mechanisms and coefficients would be affected
by such a “molecular weight contrast” [35]. All diffusivities (v, a, D) in the computer

code should be revisited to accommodate for such phenomena. For example, the code



modified by the Smooke group at Yale [36] incorporated a modification of Fickian

transport models and an inclusion of the Ludwig-Soret effect for heavy molecules.

To my knowledge, modeling the sooting or incipiently sooting surrogate-doped
ethylene flames with the well-tested mechanisms like the Ranzi mechanism is yet to
agree with experiments [37]. Also, the detailed chemical structure of counterflow

diffusion flames has not been studied with simple jet fuel surrogates such as the Aachen

surrogate.

24. Reduction of surrogate mechanisms

Several leading research groups are working on compilation and reduction of jet
fuel reaction mechanisms. Among all reaction mechanisms studied by the Hanson group
[14], the Ranzi mechanism [15] showed the closest agreement with the experimental
ignition delay data. This kinetic mechanism is an example of successful mechanism
compilation. It was compiled using existing hierarchically-constructed models for alkanes
(n-dodecane, iso-octane, and n-tetradecane) and simple aromatics extended to account for
the presence of tetralin and methylcyclohexane [33]. The Smooke group at Yale has used
this mechanism in the non-sooting counterflow diffusion flames [36] and is attempting to

reduce it.

Recently, a comprehensive discussion on the development of reduced mechanisms
was presented by Lu et al. [38]. Various skeletal reduction methodologies have been
employed to remove unimportant species and reactions from a detailed mechanism:
directed relation graphs (DRG), DRG with error propagation (DRGEP), DRG-aided

sensitivity analysis (DRGASA), computational singular perturbations (CSP),
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optimization, principal component analysis, detailed reduction, Jacobian analysis, and
sensitivity analysis [38, 39]. One of the fastest skeletal reduction algorithms is DRG [40,
41], which have been recently used by Lu and Law for the reduction of n-heptane [39,
40] and iso-octane [40], and by Pepiot-Desjardins and Pitsch [42] for iso-octane (using
DRG-based techniques). The skeletal reduction is followed by lumping and time-scale
analysis. A novel lumping method was recently suggested by Pepiot-Desjardins and
Pitsch [43] and used for n-heptane and iso-octane. Time-scale analysis methods may

include QSSA, PEA, ILDM, and CSP [38].

2.5. Gas Chromatography and Mass Spectrometry (GC/MS)

Flame sampling involving the physical extraction of gaseous samples by a probe
for subsequent chemical analysis provides a wealth of data about the underlying flame
chemistry. Flame sampling is virtually indispensable for a detailed chemical kinetics
study of high molecular weight hydrocarbons such as jet fuel or its surrogates. A GC/MS
is used in this work for the chemical analysis. The GC/MS instrument is a complex piece
of equipment composed of various parts; the operation of these parts allows achieving

separation and identification/quantification of different species in a gas mixture [44].

The term gas chromatograph is often used to generically refer to the group of
components (e.g., oven, chromatographic columns, etc.) operating to achieve species
separation. The GC operates on gas mixtures, although analysis of liquid samples can
also be performed by introducing the sample through appropriate injectors, after which
the liquid is vaporized. Chromatographic separation of selected species in the gas mixture
takes place within chromatographic columns. Identification and quantification of species

as they emerge from the columns is performed by means of dedicated detectors. The
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time, under a given and fixed set of conditions, that each component of the sample is
retained in the chromatographic column is called the retention time. The different species
can be identified based on their retention time that is typically determined on the basis of
the columns standard chromatograms. The separation of the mixture is recorded as a
series of peaks. The area under each of these peaks is uniquely proportional to the
concentration of that component in the original mixture. Integration of the area can be
used for quantification provided that accurate calibration curves are available for the

component.

The Mass Spectrometer (MS) allows for both identification and quantification of
species. Because of its operational principle, the MS does not always require species
separation. Other detectors (e.g. Flame Ionization Detector (FID) and Thermal
Conductivity Detector (TCD)) are generally only used to quantify absolute or relative
amounts of separated compounds. A software (Agilent Chemstation) is used to run

analyses and analyze the data extracted from the GC/MS.

2.6. Experimental study of jet fuel combustion

In an earlier study at Yale [33], good agreement was reported for extinction strain
rate and temperature profiles between jet fuel and a six-component surrogate in non-
sooting counterflow diffusion flames. This contribution began in collaboration with the
research groups at University of Utah and University of Milan, with the Utah group
establishing the surrogate mixture formulation and the Milan group developing the
chemical kinetic model for this surrogate including 221 species and 5032 reactions [33].
The formulation used in [33] and in all subsequent work at Yale departs slightly from the

Utah surrogate in that the %vol composition of the six components (Surrogate #1) in
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Violi et al. [7] was reinterpreted as molar fractions, which resulted in relative average
changes of 27% in the component molar compositions. We shall refer to this surrogate as
the Utah/Yale surrogate. More detailed investigations followed in the Yale laboratory,
with the chemical analysis of the structure of a methane counterflow diffusion flame
perturbed with thousands of ppm of either jet fuel or the six-component jet fuel surrogate
[34, 45] in highly diluted and non-sooting flames, including detailed one-dimensional
modeling using the Milan mechanism. The surrogate captured the general jet fuel
behavior reasonably well except for ethylene and small aromatics such as benzene and
toluene. The discrepancy in aromatics is cause for concern, if confirmed under sooting

conditions, since aromatics are critical precursors to soot.

The sooting behavior of jet fuels, especially at take-off, is an issue in most aero-
turbines for which non-premixed configurations are preferred. Therefore, any surrogate
formulation needs to be validated with respect to this performance. Beyond global
combustion properties, such as extinction, ignition, and flame speed of jet fuels, detailed
probing ensures validation of surrogate composition in sooting conditions and also
provides details on the structure of jet fuel sooting flames [46]. Gas sampling is
problematic in the presence of large amounts of soot because of the inevitable clogging of
the microprobe orifice. This problem can be circumvented if conditions of incipient
sooting are chosen, in which the soot loading is kept at the minimum necessary to discern
a faint blackbody luminosity in the flame. These are the conditions chosen in the present

study.

A comprehensive investigation is conducted on the detailed flame structure of

ethylene counterflow diffusion flames perturbed by trace amounts (2000 ppm, molar) of
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jet fuel and two surrogates via gas sampling and chemical analysis. The ultimate goal is
to ascertain if the surrogate formulations are reasonably successful in mimicking the
performance of jet fuel, especially with respect to the behavior of small aromatics for
which discrepancies were observed under non-sooting conditions [36, 46]. In addition to
attempting to validate the surrogate formulations with respect to the flame structure, the
objective is also to provide a database for the pyrolysis and oxidation behavior of jet fuel
in a diffusion flame at the onset of soot formation for other investigators to use in parallel
research efforts. Two surrogates are examined: the six component Utah/Yale surrogate
used in all previous work in the Yale laboratory [33, 34, 45], and a two component
Aachen surrogate, that has been reported to mimic not only conditions of extinctioﬂ and
autoignition, but also to match the soot volume fraction behavior, especially under
relatively high strain rates [11]. Semi-detailed chemical kinetic mechanisms are available
for both surrogates [11, 47, 48]. The study of the Aachen surrogate is conducted in
collaboration with the research groups at University of California San Diego and RWTH

Aachen.
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Chapter3  Experimental Procedure for Detailed
Chemical Analysis of Jet Fuel Doped Flames

In this chapter, details of the experimental procedure for the chemical analysis of
jet fuel and its surrogates are explained. The experimental work included in this thesis
was performed at the Yale Center for Combustion Studies at Yale University. The work
presented in this thesis is the latest progress made in the experimental part of the jet fuel
combustion research (started few years ago and supported by the AFOSR and ARO) at
the Yale Center. The details of the experimental setup which includes a counterflow
burner equipped with a semi-automated GC/MS are presented. Criterion for comparison
of various ethylene diffusion flames either as baseline flames or flames doped with jet
fuel and its surrogates are elaborated. The adjustments in boundary conditions are also
discussed. Photographs of the experime‘:ntaI setup, used in this work, are presented in

Appendix A.

3.1. Theory of counterifow flames

Counterflow (opposed-flow) burner configurations have been extensively used in
the study of non-premixed as well as premixed flames. The configuration has many
desirable characteristics for experimental and computational studies. It is symmetric and
the resulting flame is planer. Thus, detailed experimental and computational investigation
of the flame structure can be conducted in the direction normal to it along the centerline.

Both sides of the flow can be seeded with particles for LDV or PIV mapping of the flow

field. A schematic of a counterflow diffusion flame, which can be generated by
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impinging a uniform oxidizer jet against a uniform fuel jet is shown in Figure 3-1. A

photograph of a counterflow burner, used in this work, is presented in Appendix A.

In the counterflow configuration, buoyancy effect is small and the resulting flame
is quite steady because the flow is usually dominated by forced convection [49]. In the
laboratory, stability can be further facilitated by adding a guard flow (also called shroud
flow) of inert gas and adjusting its flow velocity. This shroud flow also isolates the
reactant jets from the environment. However, the shroud flow may have a drawback: it
sometimes moves the flame. As a result, when computational profiles are to be compared
with the experimental profiles a shift, which depends on the velocity of the shroud flow,

may be indispensible to match profiles.

Oxidizer
Flame
Stagnation
L T surface
Inert guard
flow

Fuel \k

Figure 3-1. Schematic of a counterflow burner with a diffusion flame.



According to Law [49], “the inverse of the velocity gradient, 1/a, represents a
characteristic flow time, which, when compared to the characteristic reaction time, yields
the system Damkohler number”. Because the flow velocity along the centerline near the
stagnation region varies linearly with distance, the flow can be characterized by a single
parameter, namely its velocity gradient a, which constitutes the local strain rate. In the
laboratory, aerodynamically shaped nozzles usually generate uniform flows. The strain

rate, a, can be approximated for the counterflow as [50]

G-1

oo 22[11204EE ]

(3-2)

or -1 t2020 |

where a, ¥ and p are strain rate, velocity and density, respectively, subscripts O and F

denote fuel and oxidizer and L is the distance between nozzles (or burner separation).

Seshadri and Williams [50] defined a density corrected strain rate, a, for the

counterflow flame as

a= ZVO( VFJ/; ] 33)
Vopo

where Vo and Vf are the flow velocities normal to the stagnation plane (SP) at the

oxidizer and fuel boundaries, respectively, and pg and pg are the mixture densities at the

oxidizer and fuel boundaries, respectively. Density corrected strain rates defined by Eq.

(3-3) are used in this part.
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The stoichiometric mixture fraction, zf is defined as

1

=1+SYFF/YOO, (3-4)

zf

where s is the stoichiometric mass ratio of oxygen to fuel, Yrr and Yog are the feed

stream mass factions of the fuel (regardless of the chemical composition) and oxygen,
respectively.

Highly turbulent counterflow flames have been recently proposed as a very useful
benchmark of complexity intermediate between laminar flames and practical systems [1].
By operating in a turbulent Reynolds number regime of relevance to practical systems
such as gas turbines and internal combustion engines, they retain the interaction of
turbulence and chemistry of such environments, but offer several advantages from both a

diagnostic and a computational viewpoint.

3.2. Experimental setup

Figure 3-2 shows a schematic of the experimental setup. It consists of a counter-
flow burner [46], including a nitrogen shroud that shields the flame from room drafts and
ensures burning in the controlled atmosphere that is determined by the composition of the
feed streams. Carefully designed convergent sections allow for a top-hat velocity profile
at each burner mouth. The inner diameter of the fuel and oxidizer outlets is 12.5 mm and
the burner separation (L) is 14.1 mm. Slightly nitrogen-diluted air is used as the oxidizer
while the fuel is nitrogen-diluted ethylene doped with either jet fuel or the surrogates. To
ensure complete vaporization of the dopant liquid, an electrospray operated in the multi-

jet mode [51] disperses the liquid fuel in the preheated fuel/nitrogen stream. This
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approach provides flexibility in flow rates without compromising the stability of the
flame. To prevent condensation downstream of the electrospray unit, PID controllers
keep the fuel line at 430K, which is well above the dew point of the dopant/C;Hy/N,

mixtures. Gas samples are extracted from the flame through a microprobe, consisting of a

g Nitrogen

GC Oven Sample

TCD O %. i (- —
o0 @]
&

Heated lines

Carboxen / Nitrogen
e —O—@ 1 7 N S
HP1 420K Electrospray t
Multi-Position Valves e | Ethylene
5000 V 4
I
Jet Fuel

Figure 3-2. Schematic of the experimental setup.

small silica probe with an outer diameter of 340 pm and an inner diameter of 170 pm.

Details of the different microprobes used previously can be found in [34, 45].

The chemical analysis is performed by a gas chromatograph (Agilent 6890A)

d with mass sp (MSD, Agilent 5973N), thermal conductivity (TCD),

quipp

and flame ionization (FID) detectors. The instrument is capable of quantifying complex



hydrocarbon mixtures, CO, CO,, O, and N,. It uses two capillary columns, a Supelco

Carboxen and an Agilent HP-1, connected to the FID and MSD, respectively. In addition,
the TCD measures non-hydrocarbon stable gases separated by means of a third column
(Alltech, Packed Molecular Sieve). Because of its much wider linear range, this detector

is better suited than the MSD for the analysis of gases present as large fractions of the gas

sample and/or in greatly varying amounts e.g. N, and O,. A homemade nickel-based

catalytic converter (Methanizer) allows for FID quantification of CO and CO, upon their

conversion into methane in the presence of hydrogen. The system can separate and
quantify Hy, N3, O,, CO, CO,, light gaseous hydrocarbons and higher hydrocarbons up to

at least C14.

Species are identified during the GC/MS data post-processing by both the column
retention time and the molecule-specific mass spectrum. GC/MS analysis produces a
wealth of information, but has one main drawback: it takes a very long time to perform a
flame scan. At the small liquid flow rates of interest for jet fuel (e.g. 1.6 ml/hr), a syringe
pump is used to deliver the fuel. Preserving a steady flame over the analysis time, which
is on the order of one day, would be challenging: it would require repeated flame shut-
offs for reloading of the syringes. Thermal transients would affect boundary conditions,
and other inevitable consequences such as sampling probe distortions might cause
reproducibility problems that affect the self-consistency of the data. To sidestep these
problems, a semi-automated chemical analysis method is employed that consists of
sampling the gas and storing it in a battery of sampling loops using two pneumatic-
actuated injection valves and two multiposition valves, as shown in Figure 3-2 [12, 34,

45, 52, 53]. One of the pneumatic injection valves is responsible for the TCD analysis
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(top left in the figure) that is executed in real time, since it requires about two minutes per
data point. The other valve controls the FID and the MS. Since these two instruments
require a much longer time to complete a measurement, the samples are stored in two sets
of 16 sample loops using two multi-position valves (V. alco®) and analyzed overnight by a
computer-automated sequence. An optimized time-temperature program for the
chromatographic columns keeps the total analysis time at a minimum and ensures that

aging of samples does not change the sample concentrations significantly.

Temperature measurements are performed using flame-welded, silica coated Pt-
10%Rh/Pt thermocouples with a typical junction diameter and a wire diameter measuring
on the order of 70 pm and 50 pm, respectively. Standard corrections for radiative losses
are applied. In some temperature measurements, a gas sample probe is also placed within
the flame to assess the probe’s intrusiveness. As a result, any spatial offset between
temperature profiles with and without the probe would be mostly due to the sampling
probe intrusiveness. Temperatures of both feed streams at the burner outlets are measured

by a K-type thermocouple.

Accuracy in the GC/MS analysis and reproducibility of the data were ensured by
analyzing gas mixtures of known composition (Scotty®) and repeated sampling at the
same position in the flame. Standard calibration gases (Scotty®) are used for calibration

of light gaseous species. Aliquots of liquid hydrocarbons dissolved in acetone are
injected into the GC/MS for the calibration of heavy liquid hydrocarbons. The total error

is estimated at 7% for light species and 12% to 15% for the heavier ones.
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3.2.1. The electrospray

It was mentioned earlier that an electrospray operated in the multi-jet mode
disperses the liquid fuel in the preheated fuel/nitrogen stream. Figure 3-3 shows a
schematic and photograph of the electrospray unit. For small flow rates (up to 10 mL/h),
a tapered needle is used to disperse fuel. The ground electrode consists of a ring
positioned 2 cm downstream the tip of the needle. A voltage between 4 and 6 kV is
applied between the two electrodes. The spray is often run in the multi-jet mode,
depending on the flow rate and voltage. To monitor the electrospray behavior and ensure
that the liquid is well-dispersed into vapor without condensation, a transparent Pyrex

electrospray chamber (evaporator) is used. This electrospray chamber is heated by

Ring Connected to

Ground
Insulated
Pyrex Needle
Evaporator
Heating Tape

I £

Liquid Fuel from [ J
Syringe Pump

Figure 3-3. Schematic and photograph of the electrospray unit for liquid fuel dispersion.
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heating tapes covered by an insulation layer. A thermocouple is positioned inside the
chamber, very close to its wall, to monitor its temperature that is kept at around 160 °C to

avoid condensation. The electrospray must be operated with particular attention. Two
copper tubes (not shown in the Figure), painted in black to avoid glare, are mounted
perpendicularly to the Pyrex evaporator to realize small “openings” in the insulation layer
and enable occasional visualization of the spray behavior using a microscope. Sparks
may cause misbehavior of the spray. They may also damage the temperature PID
controllers that, at the very least, will require resetting. Beside the visualization of the
electrospray with microscope from the black opening, current can be checked. The
current through the voltage amplifier should be zero since no shortcut is desired while a

steady multi-jet spray is present.

3.3. Criterion for flame comparison

Diffusion flames “doped” with trace amounts of prevaporized liquid fuel have
shown many computational and experimental advantages. The advantages of doping a
baseline flame were mentioned in the previous studies at Yale [34, 45]. This approach
was first employed in non-premixed flames by Hamins et al. [54] and has been more
extensively used by McEnally and Pfefferle [S5, 56]. This approach minimizes the
potential for vapor condensation’ since the condensable species is at very small
concentrations. The temperature-time history can be easily adjusted to be identical for all
flames, so that this counterflow flame environment can be regarded as a flow reactor in

which the residence time and the temperature profile are adjusted by varying the strain

*
Evidence in preliminary experiments at Yale had showed that, probably because of condensation effects
in the unheated probe, the species with largest molecular weights were underestimated.
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rate and the feed stream composition, respectively. The temporal history is identical since
the flames have essentially the same mass averaged velocities at the boundaries and
identical temperature profiles, which leads to the same evolution of the velocity profile
via gas expansion. Furthermore, critical, non-chemical variables, such as temperature and
velocity, as well as probe-induced perturbations, can be evaluated once and for all in the

baseline flame.

The counterflow configuration is chosen, as in previous studies at Yale, as the work
horse for a systematic study of fuels with complex chemical kinetics and their coupling
with transport in the simplest possible fluid dynamic environment: a one-dimensional
laminar flow. It is amenable to detailed computational models that are now routinely
applied in most combustion laboratories, at least for simple fuels. Since our goal is to
focus on conditions yielding soot formation and since soot is an issue primarily in non-
premixed flame environments [56], a non-premixed counterflow flame is appropriate for

our study. For such a flame, the density corrected strain rate, a, was defined by Eq. (3-3)

and the stoichiometric mixture fraction, z; was defined by Eq. (3-4).
The previous study at Yale [36] focused on a highly diluted methane baseline flame
doped with 1000 ppm of jet fuel or the Utah/Yale surrogate under non-sooting conditions,

with Tpa= 2012 K, a= 144 s'l, and zr= 0.76. For comparison purposes, the boundary

conditions for these non-sooting methane flames studied by Bufferand et al. [36] are

presented in Table 3-1. Here we use an ethylene baseline flame, since Co;H4 has a greater

soot propensity than CHj, so that its boundary conditions can be adjusted with ease for it

to be at the onset of soot formation. To that end, the temperature/time history needs to
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Table 3-1. Boundary conditions for the non-sooting methane flames doped with jet fuel
and Utah/Yale surrogate from the previous study of Bufferand et al. [36] at Yale.

Flame C
Flame A | Flame B
Baseline | Jet Fuel Utah/Yale
Surrogate
Molar Composition
Ny 0.897 | 0.902 0.902
CH,4 0.103 0.097 0.097
C2-CS5 alkane impurities | 232 ppm | 218 ppm | 218 ppm
Jet fuel (Cy11Hz1) 992 ppm
Methyl-Cyclohexane 200 ppm
Fuel Iso-Octane 100 ppm
Side m-Xylene 150 ppm
Tetraline 50 ppm
Dodecane 300 ppm
Tetradecane 200 ppm
Mass Flux (g/(cm”.min)) 280 | 297 297
Temperature (K) 379
Molar Composition
Ny 0.227
Oxidizer 0, 0.773
Side >
Mass Flux (g/(cm”.min)) 3.19 342 3.42
Temperature (K) 340
Strain Rate (s™) 134 144 144
zr 0.76

favor soot formation, with higher temperatures and lower residence times [57-59], and
the stoichiometric mixture fraction, z; would have to decrease sharply in comparison

with our previous studies to values less than 0.5 to ensure that the flame locates itself on

the oxidizer side of the stagnation plane and oxidation of soot precursors is avoided [60].

A value of zr=0.18 was chosen for all flames. The stoichiometric mass ratio of oxidizer

25



to fuel, s, for the baseline flame is 3.42, whereas Yrr and Ypp are 0.27 and 0.2,
respectively.

Table 3-2 specifies the overall mean strain rate and the boundary conditions (mole
fractions, total mass flux and outlet temperatures of both fuel and oxidizer streams) for
the five flames under consideration: the baseline ethylene flame, Flame A; the
ethylenetjet fuel flame, Flame B, the ethylene+Utah/Yale surrogate flame, Flame C; the
ethylenet+Aachen surrogate flame, Flame D; and a fifth flame, Flame A*. The latter is a

modified baseline ethylene flame whose total fuel carbon flux matches the doped flames.
The total carbon flow rate is 3.81x10”2 mol/min and 3.96x10"> mol/min for Flame A and
Flame C, respectively. Flame A* is established by modifying the boundary conditions of
Flame A to ensure the same z; temperature profile, and carbon molar flow rate as Flame
C. To avoid clutter, the only data that will be presented for Flame A* is the

concentrations of a few minor species such as aromatics. A chemical formula of C;1Hj;

and density of 0.81 gr/cm3 were used for jet fuel [61]. The jet fuel was provided by
Wright-Patterson Air Force Base (POSF No. 4658). To account for the considerable
variability in the composition of jet fuel from different refineries, an “average” jet fuel
was synthesized by mixing together 5 Jet A fuels from different U.S. manufacturers. The
composition of that blend in vol% is: 55.2% paraffins (n- and i-), 17.2%
monocycloparaffins, 12.7% alkyl benzenes, 7.8% dicycloparaffins and 4.9% indans and

Tetralin. The balance, = 2%, is in naphthalenes and trycylcoparaffins.
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Table 3-2. Boundary conditions for the ethylene diffusion flames under incipiently
sooting conditions. The jet fuel was provided by WPAFB (POSF No. 4658).

Flame A Flame A* Flame B FlameC FlameD
. Equal Utah/Yale  Aachen
Baseline Jet Fuel
Carbon Surrogate  Surrogate
Molar Composition
N2 0.7278 0.7280 0.7340 0.7339 0.7339
CoHy 0.2722 0.2719 0.2641 0.2641 0.2641
C2 (Ethane) 637ppm 636ppm 618ppm 618ppm 618 ppm
impurities
Jet Fuel (Cy1H2)) 1953 ppm
Methyl-cyclohexane 394 ppm
5 Iso-Octane 197 ppm
) m-Xylene 295 ppm
E Tetralin 98 ppm
[ n-Dodecane 591 ppm
n-Tetradecane 394 ppm
Total= 1970 ppm
1,2,4-trimethylbenzene 450 ppm
n-Decane 1520 ppm
Total= 1970 ppm
Mass Flux (g/(cmz.min)) 1.619 1.683 1.684 1.683 1.682
Temperature (K) 407 407 407 407 407
° Molar Composition
g N> 0.8070 0.8070 0.8070 0.8070 0.8070
9 0, 0.1843 0.1843 0.1843 0.1843 0.1843
S
= | Mass Flux (g/(cm’min))  1.891 1.925 1.925 1.925 1.925
=)
Temperature (K) 370 370 370 370 370
Strain Rate (s”) 89.9 85.2 92.3 92.3 92.3
zf 0.18 0.18 0.18 0.18 0.18
Carbon mole fraction % 54.45 54.39 54.97 54.85 54.74
Carbon flow rate
- 3.81 3.958 3.967 . .
(mol/min x 10 2) 3.958 3.951
Vo (cm/s) 33.17 31.03 33.77 33.77 33.77
VE (cm/s) 32.17 31.13 33.16 33.16 33.16

27




Table 3-3. Jet fuel surrogate mixtures; values are reported in molar %.

Utah/Yale Surrogate | Aachen Surrogate
iso-octane 10
methylcyclohexane (MCH) 20
m-xylene 15
n-dodecane 30
n-tetradecane 20
tetralin 5
1,2,4-trimethylbenzene (TMB) 22.8
n-decane 77.2

The Utah/Yale surrogate is the six-component blend of well-known hydrocarbons
used in the previous works at Yale [33, 45], while the Aachen surrogate is a two-
component surrogate as used in [11]. Compositions of these surrogates are given in Table
3-3. The surrogate components are made by mixing high purity hydrocarbons (Sigma-
Aldrich and Fluka > 99% purity). Trace amounts of an ethane impurity in the C;H,
supply were revealed by chromatographic analysis at about 620 ppm. The ethane

impurity of each flame has been listed in Table 3-2.

A photograph of Flame C, the baseline flame doped with the Utah/Yale surrogate,
is shown in Figure 3-4. A layer of orange luminosity is visible.underneath the flame
chemiluminescence. The dopant concentration is chosen based on two considerations: (1)
it should be sufficiently small so as not to change the overall flame structure and to
preserve incipient sooting conditions, such that clogging of the microprobe orifice is

avoided without resorting to special probes with attendant deterioration of the spatial
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resolution [62]; and (2) it should be sufficiently large so that the jet fuel/surrogate
contribution to the production of critical species, such as soot precursors (e.g., small
aromatics) can be discriminated from the contribution of the baseline flame. On the basis
of these considerations, the ethylene flame was doped with 2000 ppm of either jet fuel or
its surrogates. However, the addition of even such a small amount of these fuels increases
the peak temperature by 20-30 K and the flame location shifts slightly toward the
oxidizer side. To preserve the temperature-time history and ensure comparable Arrhenius
kinetics among all of the flames, the temperature profile needs to be the same in all of
them. Also, since the mixture fraction is a single-valued complementary error function of
the axial position, fixing its value at z;= 0.18 ensures that the flame position is unaltered
by the perturbation. To maintain the same temperature profiles as in the baseline flame,
we increased the inert mole fraction in the fuel stream, which leads to a small change in z,

and a further shift of the flame towards the oxidizer side. We compensated for this shift

by a small increase in the oxidizer flow rate to move the ion flame in the opp

direction, towards the fuel side.

Figure 3-4. Photograph of the flame at the onset of sooting. The thickness of the sooting
zone with orange luminosity underneath the blue zone is about 0.6 mm.
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Chapter 4  Experimental Study of Ethylene
Counterflow Diffusion Flames Doped with Jet Fuel and
its Surrogates under Incipiently Sooting Conditions

In this chapter, results of the chemical analysis of jet fuel and its surrogates are
presented. An ethylene counterflow diffusion flame doped with 2000 ppm on a molar
basis of jet fuel, Utah/Yale surrogate or Aachen surrogate is studied under incipiently
sooting conditions. As discussed earlier, the doped flames have identical stoichiometric
mixture fractions and strain rates, resulting in a well-defined and fixed temperature/time
history for all of the flames. Five flames are under consideration: the baseline ethylene
flame, Flame A; the ethylenetjet fuel flame, Flame B, the ethylene+Utah/Yale surrogate
flame, Flame C; the ethylene+Aachen surrogate flame, Flame D; and a fifth flame, Flame
A*, which is a modified baseline ethylene flame whose total fuel carbon flux matches the
Utah/Yale surrogate doped flame. Profiles of temperature, critical fuel decomposition
products, and soot precursors are compared. These profiles include major species, C7-
C15 alkanes and alkenes, C3-C6 alkanes and alkenes, C2 hydrocarbons, and some
aromatic species. By comparing and contrasting the detailed structure of these flames, the

surrogates’ pyrolysis, oxidation, and most importantly the sooting behavior are examined.

4.1. Similarities in Temperature and Species Profiles among Flames

Figure 4-1 presents a comparison between the temperature profiles of Flame A
(baseline), Flame C (doped with the Utah/Yale surrogate), and Flame A* (baseline with
the same carbon mole flux as Flame C). Note that the temperature profiles are

indistinguishable among the three flames, which means that our strategy of establishing
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virtually identical time-temperature histories is successful. Since the overall jet fuel heat
release behavior was indirectly validated with the Utah/Yale surrogate in [33] and with
the Aachen surrogate in [11] by examining the extinction behavior and the temperature
profiles of such flames, the same concentration of jet fuel and of the Aachen surrogate

should lead to identical temperature histories.
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Figure 4-1. Temperature profiles. Symbols: Flames A, C and A* with microprobe in.
Line: Flame A in the absence of microprobe.

The intrusiveness of any physical probe inserted into the flame is a common
criticism raised to probe sampling. In addition to introducing a heat sink into the
combustion environments, the probe may perturb the fluid dynamics of the flame [36].
McEnally et al. [55, 56] have comprehensively reviewed such pitfalls of flame sampling.
In situ analysis, primarily by optical techniques, has the advantage of being essentially

nonobstructive. However, it is usually less general, often applying to at most only a few
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of the species present in the flame [63]. To assess the probe perturbations, an additional
temperature profile is shown for the baseline flame in the absence of the sampling
microprobe. Comparison between the temperature profiles confirms an overall probe-
induced perturbation that results in a 0.5 mm shift towards the fuel side, consistent with
similar conclusions from OH planar laser induced fluorescence [36]. This shift accounts
for roughly 7 % of the physical domain where chemistry is playing a role (the region

between 2 and 9 mm from the fuel inlet), is therefore considered a modest shift.

Figure 4-2 compares some major species profiles among Flames A to D. Unless
specifically noted in the subsequent figures, no experimental data of Flame A* are shown
to avoid excessive cluttering of figures. Full-blue symbols are used for the baseline
ethylene flame (Flame A), full-black symbols for the jet fuel doped flame (Flame B),
open symbols for the Utah/Yale surrogate counterpart (Flame C), full-red symbols for the
Aachen surrogate counterpart (Flame D), and + for the modified baseline flame (Flame

A?) in this and all subsequent figures. Our goal was to perturb a well-defined baseline
ethylene flame with the addition of trace amounts of jet fuel or surrogates. No distinction
1S oObserved in the profiles of the five flames with respect to CO and CO,. O, was only
IMeasured in Flame A and is shown in the figure to illustrate the overall nonpremixed

f1 za e structure. The profiles of C,H, are also identical, except at the fuel side boundary

"I ere the mole fraction has necessarily changed between the baseline flames (Flames A
Axacd A¥) and the doped flames (Flames B, C, and D) because of the flow rate adjustments
&1 = cussed in Section 3.3. As elaborated before, the temperature profiles (Fig. 3) of these
flé'l'l'les are virtually the same. The absence of significant changes in the concentrations of

CO and CO; and of temperature because of the presence of either jet fuel or the
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surrogates indicates that these species and the heat release are produced predominantly by
the oxidation of CoHy. The blue flame in Figure 3-4 locates itself at approximately z=6.2-
6.4 mm. The thickness of the orange sooting zone is about 0.6 mm. The asymmetry in the
temperature profile is due to endothermic pyrolysis reactions between z = 5 and 7 mm.
Detailed modeling of ethylene nonpremixed flames confirms the existence of such a zone
[64]. The maximum CO, mole fraction is slightly larger than that of the methane non-
sooting flames in our previous experiments [36], whereas the peak of CO mole fraction is
nearly 1.5 times larger than that of the non-sooting flames. This difference is attributable

to the nitrogen mole fraction in the fuel stream being smaller in the ethylene flames.

A drawback with probing of non-premixed flames in general is that the layer where
interesting products are abundant is narrow and comparable to the spatial resolution of
regular probes. The CO profiles of our sooting flames are wider than in [36]. One of the

reasons for this behavior is that the strain rate of these flames is smaller than the strain

rate of the non-sooting flames (the flame thickness scales inversely withva ). Having a
wider region where chemical reactions are occurring makes the probing easier and more

reliable, especially since we want to track the formation of aromatics.
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¥Figure 4-2. Major species profiles: Flame B (full black symbols), Flame C (open
symbols), Flame D (red symbols) and Flame A (blue symbols).

Figure 4-3 compares the methane mole fractions among the five flames. Methane in
the present study, unlike [36], is a minor species produced by pyrolysis and oxidation of
the ethylene, and of the jet fuel or surrogates in concentrations below 100 ppm. The
I < ks of the methane profiles for all flames are located at z<5.4 mm. The doped flames
ha\/e virtually the same methane profiles, whereas the peaks of methane mole fraction for
Iy« paseline flames (Flames A and A*) are 15% smaller. The similarity of the methane

l)t‘(:ﬁles, combined with the similarities in major species and temperature that were
b’»"eviously discussed, lends credence to our use of these flames as a sort of flow reactor

“rith virtually identical conditions, except for the imposed perturbation.
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Figu xe 4-3. Methane mole fraction profiles: Flame B (full black symbols), Flame C (open
symbols), Flame D (red symbols).

4.2 _  (C7-C15 Alkanes

Figure 4-4 shows the profiles of the C7-C15 alkanes in the doped flames, B, C and

D Only one set of data is shown for the jet fuel doped Flame B to avoid cluttering of the
ﬁgure. The iso-octane concentration in Flame B is about 0.5 ppm and it is not shown.
I\/IQst alkanes in the jet fuel-doped Flame B (Figure 4-4a) disappear because of pyrolysis
R S =~5 mm, except for decane, undecane, and tridecane that decay at z=5.2 mm, and
quecane that disappears at z=5.4 mm. In the Utah/Yale surrogate-doped Flame C, the

Qi == appearance of surrogate iso and normal paraffins is delayed to nearly z=5.4-5.5 mm.
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XE<igure 4-4. Comparison of C7-C15 Alkanes; a) Flame B, b) Flames C (open symbols)
and Flame D (red symbols), Flame A (blue symbols) and Flame A* (+).
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In the Aachen surrogate-doped Flame C that has only one alkane (decane), its
disappearance occurs at z=5.6 mm. The data presented here are consistent with typical

decomposition of large alkanes. The observed profiles are reflective of the chemistry of
Jjet fuel or the surrogates, since the oxidation of C,Hy4 does not yield any of these large

alkanes, as also confirmed by preliminary simulations of the baseline flame with the

semi—detailed Milan mechanism. Jet fuel and both surrogates show a reasonably good
agreexnent in the pyrolysis trends of large alkanes.

“Whereas the chromatograms of the surrogates are clean with distinct peaks (as
showx in Figure 4-5) and the quantification of their components poses no difficulties, for
comyp»lex fuel blends such as jet fuel that contain a large number of alkenes and
alkyYbenzenes having different isomers, the chromatograms are subject to interference.
The quantification of these isomers is often affected by overlapping peaks from other
TIO 1\ ecules. As a result, the chromatogram, shown in Figure 4-6, contains a large “grassy”
baclcground and is very hard to analyze. The reason for the modest presence of alkanes in

the et fuel doped Flame B (Figure 4-4a), despite the fact that they are known to be major
QQI1':|ponents of jet fuel, is because the total alkane component is spread over many
i T ¥erent individual alkanes. The chromatogram was measured for a gaseous sample
S Cxracted near the burner mouth, that is, before any significant chemistry had taken place.
_l\l'-le final number of species we were able to measure is 33, and another 20 were correctly
icle-’:Iatiﬁed but their quantification lacks the necessary accuracy. There is a plethora of

St11&111&, unidentified peaks and a pedestal on which the peaks are superimposed. The

PX e sence of the pedestal prevents us from performing an accurate integration for these

PeaXks. The dominant peaks in Figure 4-6 are associated with C9-C15 alkanes, whereas
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only a few of the smaller peaks, associated with smaller alkanes and aromatics, are
marked. The quantified alkanes in Figure 4-6 are regarded as tracers for a broader group

of large alkanes in jet fuel. Similarly, the quantified small aromatics are indicators of a
larger number of similar molecules. Therefore, the present data provide a general picture
of the chemical evolution in the pyrolysis and oxidation of jet fuel in a sooting diffusion
flam e, with the caveat that the comparison with surrogates can only be qualitative for C7-

C15 alkanes or alkenes upstream of the flame zone.

TOTAL ION

| SN | . .

TIME[ml'n]_;, ...10. ..15 20.

Figure 4-5. Utah/Yale surrogate chromatogram presenting distinct peaks in
<orrespondence with nitrogen (leftmost peak) and the 6 components of the surrogate:
from left to right, methylcyclohexane, iso-octane, m-xylene, tetralin, dodecane and
tetradecane.
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¥ 1 gure 4-6. Typical jet fuel MS chromatogram, as measured from a gaseous sample
SXtxracted near the burner mouth. The arrows denote compounds that were identified and
quantified.

A comparative analysis of the total carbon count helps us to evaluate the GC/MS
I)e"l‘f\ormance with respect to large hydrocarbons. For our sooting Flames B, C and D a
bthparison of the total carbon counts from the liquid dopants is shown in Figure 4-7. The

t
T 1 carbon mole fraction excludes the contributions from major products CO and CO,,

naa their primary source, C;Hs. Unlike a similar figure in [36], it also excludes the
QQIlt‘ibutions from acetylene since, as shown in Section 4.5 below, the production of
a"Qetylene is mostly attributed to the ethylene portion of the fuel. Therefore, the
cbl'l‘iparison in Figure 4-7 should account for all of the measured carbon in the parent
1icluid fuel dopant and their intermediate pyrolysis products. We measured approximately

S.a times as much carbon at the fuel boundary in the surrogate-doped flames as in the jet
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fuel-doped flame. Yet, the actual carbon must be nearly the same at this location since the

overall molecular weight and flow rates of the injected vapor are comparable in the three
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¥ igure 4-7. Partial carbon mole fraction profiles for Flame B (full symbols), Flame C

Copen symbols) and Flame D (red symbols). Contributions from ethylene, CO, CO,
acetylene and ethane are not considered.

ﬂeltnes. The data for Flame B show a flat profile hovering around 3100 carbon ppm up to
< == 38 mm. For Flames C and D, the total carbon count has an initial plateau around
1o =000 ppm up to z = 3.3 mm, after which it monotonically decreases as CO and CO; are
t\Ql‘med. This discrepancy suggests that we properly quantified only roughly 15% of the
tQtal carbon introduced as jet fuel vapor, whereas the fractions of carbon recovered from
e Utah/Yale surrogate and the Aachen surrogate are roughly 93% and 92%,

l‘espectively. After z = 5.4 mm, all three profiles follow a similar quantitative trend. At
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about 2z = 7.7 mm, the oxidation of dopants is completed and no carbon persists in

hydrocarbons in these flames.

4.3. C7-C11 Alkenes

In the non-sooting methane flames doped with jet fuel, small quantities of 1-decene
and 1-undecene were found immediately after the concentration drop of their parent
alkanes [36]. None of these two olefins were detected in Flames A-D. Analysis of the C7-
C 11 olefins in the jet fuel doped Flame B is extremely difficult because of the
OV erlapping spectra of multiple isomers. The largest olefins detected (and quantified) in
the <Aoped flames were 1-octene and 1-heptene. These olefinic species were not detected

in F1ameB. Figure 4-8 illustrates the profiles of 1-heptene and 1-octene for the Aachen

2.5
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[ o 1-octene .
2F =
g | .
o
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Figure 4-8. Comparison of 1-octene and 1-heptene profiles: Flame C (open symbols),
Flame D (red symbols). None of these species was detected in Flame B.
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and Utal/Yale surrogate doped flames (Flames C and D). The peak of 1-heptene and 1-
octene appear after the concentration drop of the parent alkanes (see Figure 4-4). This is
consistent with the well-known decomposition pathways for alkanes: H-atom abstraction
or umnimolecular dissociation to alkyl radicals, followed by beta scission of the alkyl

radicals to olefins and additional alkyl radicals [57].

A difference between the surrogates with respect to the formation of olefins is
obsexwed in the presence of large olefins. As seen in Figure 4-8, in the Aachen surrogate
Flarnme D, about 2 ppm of 1-heptene and 1.5 ppm of 1-octene were quantified near the
Pealc of the C5-C6 olefins (z<4.9 mm shown in Figure 4-9). On the other hand, in the
Utah/~vyyle surrogate Flame C, only 1-octene was detected, but peaks for cyclohexene and

l-ne"-l'lsalcylohexene were observed. Figure 4-9 shows the profile of cyclohexene for Flame
C.

4.a_ C3-C6 Alkanes, alkenes and dienes

4.4_1 . (C5C6 Alkenes

Figure 4-9 illustrates how C5 and C6 olefins, such as 1-pentene and 1-hexene, are
folT?ned as larger alkanes decompose in Flames A-D. There was no detectable 1-hexene in
the baseline ethylene Flame A. Smaller concentrations of 2-hexene and 3-hexene, on the
X of 1 ppm, were identified in some of the doped flames. The profiles of 1-pentene

I 1-hexene show peaks at z= 4.9 mm. Comparison of Figure 4-9 with the profiles of
E.“ll'tanes in Figure 4-4 confirms that these olefins are formed as the fuel alkanes are
Q‘§<:omposing. Flames B, C and D show good agreement in their 1-pentene profiles, with

&igniﬁcantly larger concentrations as compared to the baseline Flame A. The agreement
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with Tespect to 1- hexene on the other hand is relatively poor, especially for Flame C. The
Utalh/ Y ale surrogate-doped flame has nearly 2.7 times as much 1-hexene as the jet fuel-
doped flame, while the Aachen surrogate-doped Flame D has a peak 1-hexene value

almost 50% larger than that of jet fuel doped flame.
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Fi £ure 4-9. Comparison of C5-C6 alkenes profiles: Flame B (full black symbols), Flame
C (open symbols), Flame D (red symbols) and Flame A (blue symbols).

a.q.2. Quantification of dienes

The overlapping spectra of multiple isomers make the analysis of larger olefins in
the jet fuel doped flames extremely difficult. Similar challenges are posed by the

A waantification of dienes. The only diene that was detected and quantified in the jet fuel
=Xwd other flames is cyclopentadiene (CsHg), which is shown in Figure 4-10. Oxidation of

chylene by itself produces cyclopentadiene in the order of 4 ppm. Both surrogates

Q\/erpredict cyclopentadiene although they show a similar trend with respect to the
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location and magnitude of the peak. The Utah/Yale surrogate doped Flame C produces
nearly” 1.5 times more cyclopentadiene than the jet fuel doped Flame B. Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>