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Increasing global concern over energy security and the continued ecological impact of
using fossil fuels has pushed the development of sustainable energy alternatives — making research
into renewable fuels essential. Identifying and implementing environmentally viable fuel sources
requires understanding the combustion process and hence the chemistry of these biofuels. Low
residence time flow reactors (<100 us), when combined with photoionization mass spectrometry
(PIMS) and Matrix Fourier Transform Infrared FTIR spectroscopy, have the capability to probe
the elementary pyrolytic reaction mechanism for various fuels directly. When combined with
advanced computational methods, these results produce reliable and scalable models that can
predict combustion behavior.

First, an explanation of this hybrid experimental and theoretical approach is presented,
followed by its application to evaluating the pyrolysis chemistry of three isomers of
methylcyclohexene. The nuanced capabilities of this approach are highlighted in the ability of this
technique to explain subtle differences in the combustion behavior of these isomers through the
results obtained from these evaluations. A similar study is carried out to elucidate the reduced
sooting observed when oxygen-containing polyoxymethylene ethers (POM-E) are blended with
diesel. The combined approach is used to identify trends in the decomposition of these molecules
as a function of increasing the number of oxymethylene units (-O-CH2-) »and altering the terminal
alkyl group. The radicals formed because of these secondary decompositions are critical to

suppressing soot formation and are among these molecules' first high-level quantum calculations.



Second, an analysis of the micro-reactor, a key component in previously described
experimental techniques, is presented. A qualitative examination of flow inside these reactors
(straight tubes approximately 1mm inner diameter and 3cm in length made of SiC) suggests
pressure and velocity significantly change along the length of the reactor. This presents a challenge
in determining actual flow conditions within the reactor, making it complicated to establish
conditions at which pyrolytic chemistry occurs. Computational and experimental testing has been
used to optimize a new reactor geometry to control the flow profiles by adding a constriction at
one end of the reactor. The nozzle has been shown computationally to stabilize fluid flow within
the reactor. A novel digital manufacturing method to fabricate these geometries is detailed, which
harnesses the rapid iterability of 3D printing and combines it with the knowledge base for
fabricating ceramics conventionally. The capability of this processing technique is extended to
other high aspect ratio structures and ceramic types, showcasing its broad applicability. Material
characterization studies are presented to compare features of the sintered SiC geometries
constructed using this process to typical fabrication methods. The novel reactor geometry is
validated through experiments in the PIMS setup, with results showcasing the impact of stabilized
pressure, velocity, and increased residence times. The novel design of these micro-reactors will
provide researchers with a fundamentally new technique to probe the short residence time pyrolytic
reactions of fuels. Combining theory, experiment, model development, and simulation will enable
qualitative or even quantitative predictions for many combustion situations of practical relevance.
Understanding key elements of this chemistry is an essential step toward the intelligent selection

of next-generation alternative fuels.
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Chapter 1:  Mobility in the Global Energy Context

1.1 World energy outlook

Energy is among the most critical factors influencing economic and industrial
development. Today, the combustion of fossil fuels accounts for more than two-thirds of the
world's primary energy utilization [1]. Projections for the next two decades assume the continued
leading role of fossil fuel-based energy, with a global share of about 30% of primary energy to be
utilized in Asia, mainly China and India [1]. The growing global population, the increasing
mobility of that population, the rising production and consumption of goods, and the movement
of those goods are considerable concerns in future energy strategies. The need for clean,
sustainable, and affordable energy sources starkly contrasts the environmental and health issues
connected with fossil fuel use. While alternatives to coal, petroleum, and natural gas have been
implemented or are being discussed for power generation (e.g., hydroelectricity and nuclear, solar,
wind), transportation of people and goods depends on the availability of high-density energy

sources, primarily delivered to the market today as liquid fuels derived from petroleum [2].

1.1.1 Emissions

The need to develop an alternative to fossil fuels is not only motivated by its reduced
availability and increasing cost. The emissions produced by burning these fuels have been of
concern ecologically and environmentally. It has been at the center of multiple health and
ecological debates since the 1970s [3]. Figure 1.1 presents the contribution to global greenhouse
gases by energy sources. Among the causes of alarm are the effects of nitrogen dioxide (NO>).

This is one of the most observed oxides of nitrogen, which react in the upper atmosphere to form



ozone, causing acid rain. Extensive medical research has shown that even relatively small
concentrations of these molecules can lead to catastrophic effects like pulmonary edema [4], [5].
Particulate matter, a mixture of fine solid and liquid contaminants, has been linked to heart-related
conditions and cancer [6]. Another pollutant identified as highly damaging is CO2 [7]. The exact
environmental consequences of massive anthropogenic CO emissions are currently uncertain. We
do know, however, that CO: is a strong infrared absorber. This means that when sunlight hits CO,
its temperature quickly rises, unlike N2, which composes over 70% of our atmosphere and is
inactive in infrared. These factors and the need to secure global energy availability mandate

research into alternative sustainable energy sources essential.

Bunker Fuels (MtC02)
2.2%

Land-Use Change and
Forestry (MtCO2)
6%

Waste (MtCO2e)
3%

Agriculture (MtCO2

Industrial Processes

Figure 1.1: Global sources of greenhouse gases with energy contributing over 70% of the total
emissions of concern [8]

1.1.2 Combustion and mobility
The scarcity and cost associated with continued dependence on fossil fuels and the

ecological and environmental impact have resulted in stringent regulations limiting its use in next-
generation vehicles [9]. Since transforming alternative energy sources for mobility and transport

is especially difficult, energy-efficient, clean combustion processes remain an essential research



topic. Despite increasing electrification in some areas, the transportation sector is largely powered
by combustion. Solar and hydrogen-powered vehicles are carbon-neutral solutions capable of
replacing fossil fuel-powered vehicles; however, affordable consumer options are still being
developed. The lack of an integrated, easily accessible recharging network has further delayed the
widespread adoption of electric vehicles. High-energy-density energy carriers such as today's
liquid fuels are advantageous, especially for long-distance and heavy-duty transportation, marine
applications, and aviation. Combustion systems for these purposes are harder to replace than in
personal vehicles.

Understanding combustion becomes even more important with the focus on optimizing the
available fossil fuel reserves and developing technology for compatibility with alternative fuels.
A systematic approach to evaluating combustion behavior demands chemical knowledge.
Combustion systems can be described, tailored, and improved by considering chemical
knowledge. Combining theory, experiment, model development, simulation, and systematic
analysis of uncertainties enables qualitative or even quantitative predictions for many combustion
situations of practical relevance. The joint optimization of fuel and propulsion systems can exploit
the potential of efficient, ultra-low-emission combustion using renewably made fuels or fuel
additives. Chemistry knowledge is needed to tailor their combustion properties and understand the
influence of their molecular structure on their reaction mechanisms for current and advanced
combustion conditions, as well as to determine efficient pathways to make such fuels sustainably
and on a large scale. The advances in the development of engine combustion systems, such as
homogeneous charge compression ignition (HCCI) [10], [11] or related designs that are compatible
with a variety of fuels, have made the use of biofuels as alternative neat fuels or fuel additives

possible[12]-[15]. Energy independence, possible decreases in CO2, soot, unburned hydrocarbon



emissions, and other factors are driving this possibility for transformation. These biomass-related

fuel sources are important topics of discussion and research for powering next-generation mobility.

1.2 Evaluating combustion chemistry

Chemistry and combustion are interlinked in multiple ways. The result of a combustion
event in terms of the energy and material balance for the delivery of useful work and harmful
emissions is heavily dependent on the fuels' molecular structure and thermodynamic conditions
[24]. In a standard internal combustion engine (I.C.E.), chemistry is initiated either by compression
ignition or spark ignition following a considerable temperature and pressure spike, at which time
fuel is ignited. This ignition releases a cascade of highly reactive species called radicals, or
chemical species possessing unpaired electrons. Also present in the engine will be short-lived
products that are thermally unstable, called metastables, which will rapidly decompose to radicals
or more stable species. Radicals initiate the remaining chemistry, reacting with the starting
material, oxygen, each other, and other intermediates. The final products are exhausted from the
engine within a few milliseconds, and the process immediately restarts. Enormous research efforts
have been applied to understand these combustion processes of hydrocarbon fuels. However, most
biofuels (like Oxy-Methylene Ethers O.M.E.s) include an oxygen-containing group in addition to
the standard hydrogen and carbon found in fossil fuels. Adding this oxygen group changes the
fundamental behavior of these molecules within an engine environment altering the rate and likely
locations for decomposition [16], [17]. The number and location of the oxygen atoms in the
molecule can affect parameters such as sooting, ignition tendency, and performance. With all
suggested alternative fuels, fundamental knowledge of their combustion properties is needed,
including ignition and extinction characteristics, flame development, combustion speciation, and

emissions, most of which may depend sensitively on the fuel's chemical composition and the



molecular nature of its compounds. Further, to address globally relevant emission-specific
questions, combustion science and, in particular, chemistry and diagnostics can contribute specific

insight into the management and reduction of harmful effluents.

1.2.1 Experimental methods

A quantitative description of these chemical processes is essential to develop efficient, low-
emission combustion devices. Experimental observation through diagnostics of laboratory
combustion systems is crucial to developing and validating chemical kinetic models. Multiple
parameters characterize the combustion state and its development along with the reaction progress,
including temperature, pressure, density, velocity, mixing status, species composition, reactivity,
heat release, and others, many of which can be experimentally determined. Specifically designed
laboratory experiments permit access to information such as ignition delay time, flame speed,
flame structure, autoignition and extinction behavior, reactive species identification, their relative
or absolute concentrations, and occurrence of specific chemical reactions as a function of boundary
conditions and the fuel's molecular structure.[18] Historically, probing the nature and
concentration of species has usually been carried out using optical spectroscopy, gas
chromatography (G.C.), and/or mass spectrometry (M.S.). Laser diagnostic experiments in
particular, have proved vital in the field of combustion to probe the processes of combustion and
the products generated by it [19]-[22]. The emphasis here is on non-intrusive measurements of
molecular parameters with a good spatial resolution that provides insight into rates and
mechanisms of combustion reactions. Micro-reactors find application as the medium in which
flash pyrolysis (combustion in the absence of oxygen) of fuels can be carried out. When combined
with sensitive diagnostic techniques, these devices can probe the fundamental chemistry of a range

of fuels and fuel surrogates. These techniques are designed to probe the products of pyrolysis



produced during a residence time of 100 -125us. This makes the reactors ideally suited for use in
infrared spectroscopy (I.R.) and photoionization mass spectroscopy (PIMS) setups. This system
allows for the evaluation of atoms, radical, metastable, and stable species without the products of
any secondary reactions affecting the results. The insight gained from such partly idealized
systems can serve to develop, advance, and validate transferable combustion chemistry models

that bridge fundamental chemical knowledge and practical systems behavior.

1.2.1.1 Materials and manufacturing for experimentation
The requirement of high-fidelity experimental methods and diagnostic strategies has

constantly pushed the boundaries of the materials and manufacturing methods involved in these
techniques. Computational design and manufacturing methods have increasingly been applied to
develop tools that can simulate in-engine processes with greater accuracy. The capability to
produce experimental devices featuring intricate shapes at higher speeds and with greater
tunability has been key to extending the capabilities of existing diagnostics to more complex
systems. Digital manufacturing and 3D printing are examples of relatively new processing
methods being applied to combustion devices and experimentation. These fabrication processes
allow experimentalists to develop unique instruments customized to answer specific problems
encountered in the experimental setup. These techniques can significantly reduce hardware costs,
shorten fabrication lead times, increase reliability by reducing the number of components, and
improve hardware performance by allowing the fabrication of designs not feasible by conventional
means alone. This thesis describes one such novel manufacturing method which can be used to
create tailored experimental devices reliably, repeatedly, and with extremely small features (<100

um) to probe fundamental combustion chemistry.



1.2.2 Computational methods

A complementary focus of combustion research is on developing a predictive
understanding of various combustion processes through chemical kinetic modeling [23]. Chemical
kinetics is a field that attempts to understand and predict the rates of chemical reactions. The
presence of many species and reactions had limited the application of these methods due to
numerical calculations being both time and cost-intensive. With the recent advances in
computational power, it is now possible to automate most of these calculations to produce
comprehensive mechanisms featuring more than tens of thousands of reactions. It is possible to
develop comprehensive models of molecule behavior by utilizing these methods and applying

experimental results as a real-world check.

1.2.3 Pyrolysis and oxidation chemistry

Complete discernment of a molecule’'s combustion chemistry can be a formidable
challenge, especially if multiple element types and numbers are involved. To help focus resources,
studies explore combustion under certain conditions (temperature, pressure, and equivalence
ratios), or confine themselves to specific reaction types. Providing insight into a fuel's
unimolecular decomposition and oxidation chemistry are two evaluations from which an
approximation of the overall combustion behavior of a molecule can be discerned. These two
subtypes of reactions require a synergistic approach between experimental measurements and
computational modeling to fully develop useful mechanisms.

The ability to observe the first 25-150 microseconds of pyrolysis is critical to obtaining
information on how a molecule might decompose inside a hot engine in the absence of oxygen.
The extension of experimental techniques to study oxidation reactions is being carried out in

parallel with the application of robust computational models. This complementary experimental-



theoretical approach can extend the insight obtained from pyrolysis and oxidation studies to more
complex combustion reactions. These methods explore the impact of individual bond strengths
and the presence of oxygen in the molecule. Together they can be evaluated to produce an accurate

mechanism that can be leveraged to develop sustainable, efficient propulsion technologies.

1.3 Thesis outline

A combined approach of experimental techniques and theoretical calculations is used to
evaluate promising fuel additives and characterize existing fuels. Detailed mechanisms to describe
these molecules' combustion behavior are developed using these methods. This thesis aims to
describe enhancements to the geometry of the microreactor used in laser diagnostics, specifically
in the Photoionization Mass Spectrometry (PIMS) apparatus. The updates made to the
microreactor geometry augment its accuracy in simulating combustion phenomena when used in
conjunction with laser diagnostic experiments. The improvements made to the experimental
capabilities required creating a novel manufacturing process. This digital manufacturing method
enabled the production of ceramic geometries at a scale and feature detail not previously possible

with silicon carbide.

Chapter 2 begins with a review of mass spectroscopy and laser diagnostics in combustion.
This is followed by a detailed description of PIMS and Fourier Transform Infrared (FTIR)
experimental setups and changes made to the apparatus to be compatible with the new microreactor
geometry. The operation of the experimental apparatus in the pulsed and continuous configurations
is presented. Integration of an optical temperature measurement system is described. Operation
with a fixed wavelength energy source is explained, and a prototype tunable energy source

developed at C.U. Boulder is detailed.



Chapter 3 details a brief overview of the computational workflow developed for
characterizing the thermal decomposition of different organic molecules. The method combines
results from the experimental evaluations described in chapter 2 with numerical models featuring
electronic structure theory. The process of producing rate constants which can then be used to
build comprehensive chemical kinetic mechanisms, is outlined.

Chapter 4 presents an application of the combined experimental and theoretical workflow
described in the previous two chapters to compare the pyrolysis of three isomers of
methylcyclohexene (1-methyl-1-cyclohexene, 3-methyl-1-cyclohexene, and 4-methyl-1-
cyclohexene). Identifiable differences in the sooting behavior of the three isomers of
methylcyclohexene have been observed despite only subtle differences in their molecular
structures. Thus, an in-depth understanding of their pyrolysis chemistry can help link specific
structural features, like double bond location, to differences in soot precursor formation ability.
This presents a unique opportunity to apply the PIMS experimental setup with a fixed and tunable
ionization source. Findings from this work showed that the active bond fission routes for 3-methyl-
1-cyclohexene present pathways to directly form unsaturated rings such as cyclopentadiene and
benzene, both known soot precursors. This ability to directly form these large unsaturated rings
helps explain this particular isomer's higher sooting propensity.

Chapter 5 reviews the application of this combinatorial approach to a class of oxygenated
molecules - Poly Oxy-Methylene Ethers (POM-E). A selection of POM-E molecules with varying
end groups and the number of functional (CH»>-O) groups are assessed. The energies and other
calculated properties are used to calculate pressure and temperature-dependent reaction rate
constants across various conditions. These reaction rates are assembled along with

thermochemistry and transport properties (when applicable) into detailed sub-mechanisms that can



be coupled with existing core mechanisms. The resulting mechanisms are validated against
available experimental data to help confirm their predictive ability.

Chapter 6 begins by examining the challenges involved with using the existing
microreactor geometry and material. Computational Fluid Dynamics (C.F.D.) calculations which
were used to identify modifications are outlined. Theoretical advantages of the new design are
described along with details of a prototype reactor manufactured for preliminary evaluation.

Chapter 7 details the novel hybrid digital manufacturing method developed to produce the
redesigned microreactor. The synergy produced by combining digital tooling manufacturing and
conventional ceramics processing is highlighted by the fabrication of a monolithic silicon carbide
microreactor geometry featuring an internal taper. Characterization studies of the new
microreactor are presented to highlight the improvements made. The extension of this
manufacturing technique to produce a range of reactor geometries is presented along with the
ability to create other similar high aspect ratio geometries. The capabilities of the new microreactor
for evaluating the thermal decomposition of molecules are showcased with experimental validation
using cyclohexene.

Chapter 8 documents validation studies carried out to establish the performance of the
nozzle reactor in the PIMS setup. A range of microreactors featuring exit diameters ranging from
0.600 mm to 0.200 mm to understand their impact on pyrolysis chemistry. Molecules were
evaluated to understand the effect of raising the internal fluid flow pressure and residence time on
the thermal decomposition behavior. The molecules chosen were — anisole, toluene, ethyl benzene,
iso-octane, and furan. The results from these evaluations demonstrate either the presence of new
decomposition products previously inaccessible in the Chen-style tubular reactor [25] or increased

intensities of products being formed at relatively lower temperatures. These results demonstrate

10



how the presence of a constriction in the micro-reactor environment produces a larger region of
sustained pressure and temperature distribution. This affects the rate at which these molecules
decompose, resulting in a more realistic approximation of pressure on the thermal decomposition
process. In addition to understanding the effect of varying the pressure inside the reactor geometry
— experiments were also carried out with alternate reactor materials — alumina and yttria-stabilized
zirconia. These experiments were used to understand the effect of wall reactions and material
dependence on the pyrolysis reaction.

The beginning of Chapter 9 summarizes the research efforts completed as part of this thesis.
This is followed by an overview of ongoing and future avenues of research now accessible thanks
to the developments made in experimental, design, manufacturing, and computational capabilities
in this work. The ability of the hybrid manufacturing method to produce micro-reactor geometries
of alternate ceramics presents the opportunity to study oxidation chemistry combined with laser
diagnostics. Application of the SiC nozzle micro-reactor suite to investigate the pressure
dependence of ignition chemistry for an extreme case: aircraft turbine flameout and re-light. This
project aims to obtain a fundamental understanding of the chemical mechanism for the ignition of
jet fuel to assist in the design of novel post-flameout ignition technology by identifying how the
chemical pathways for ignition differ at takeoff and flameout conditions. Experimental
characterization studies of flow phenomena inside the micro-reactor are proposed in collaboration
with the Advanced Photon Source (A.P.S.). A series of experiments involving X-ray fluorescence
and X-ray absorption at the A.P.S. is suggested to compare the performance of these new micro-

reactors to the standard tube reactor geometry.
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Chapter 2:  Experimental Methods to
Elucidate Combustion Chemistry

2.1 Introduction

Combustion chemistry is inherently challenging to study, particularly due to the large
number of species and reactions involved. High temperatures and fast Kinetics add further
difficulty in experimentally probing elementary reactions. A detailed understanding of combustion
chemistry requires experimental information from the reactive system. Pyrolysis is among the
different classes of chemical reactions essential to describe combustion fully. Fuel decomposition
under high-temperature conditions and no oxygen is termed pyrolysis or thermal decomposition.
The ubiquitous presence of pyrolysis across different fuel types, engine designs, and combustion
strategies makes it a vital phenomenon to characterize. There are regimes of engine operation (both
terrestrial and airborne) during which it is not possible to have a proportionate amount of fuel and
oxidizer - resulting in fuel-rich situations.

Often multiple analytical methods are used in combination to probe fundamental
combustion chemistry. Several different experiment types have been developed for studying
pyrolysis and combustion chemistry to date, including static reactors[1], [2], flow reactors[3], [4],
stirred reactors[5], [6], shock tubes[7], [8], rapid compression machines (RCM) [9], burner
stabilized laminar flames [10], heated grid experiments, fluidized beds, and fixed beds. Each
device and technique is suited for probing different facets of combustion. Comprehensive reactive
species information essential for a deeper understanding of the reaction processes as a function of

temperature, pressure, fuel-oxidizer mixture, reaction time, and other system variables are
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revealed through mass spectrometry combined with flow reactors[11]. The following sections

describe this technique's development, application, and components to study combustion.

2.1.1 Mass Spectrometry in Combustion
Mass spectrometry (MS) is an analytical technique that measures the mass-to-charge ratio

of charged particles. It is used to determine the masses of particles for evaluating the elemental
composition of a sample or molecule. The application of mass spectrometry as a characterization
tool for combustion was pioneered almost 70 years ago by Eltenton [12]. In 1947 mass
spectroscopy was applied to study decomposition by coupling a Dempster type mass-spectrometer
to a reaction chamber with a specialized sampling method. This unique method later became the
basis of molecular beam sampling. In 1951, Kantrowitz et al. [13] used theoretical calculations to
demonstrate that a high-intensity molecular beam could be achieved with an appropriately
designed apparatus [13]. These findings were then applied to evaluating ammonia[14] by
Kistiakowsky and Slichter. Following these pioneering experiments, molecular beam spectroscopy
was used to study the flames of basic hydrocarbons[15]- [19]. These initial experiments featured
electron impact (EI) ionization as the technique to produce charged particles for detection. This
ionization method involved intercepting a beam of molecules with a stream of electrons to produce

charged particles that can be characterized.

2.1.2 Molecular Beam Mass Spectroscopy

A key component for high-resolution spectroscopic imaging is the molecular beam.
Molecular beams are directed beams of neutral or charged molecules at such low pressures that
the effects of molecular collisions are, for most purposes, negligible. Some of the earliest
molecular bean experiments were by Dunoyer in 1913 [60], using a series of evacuated glass

chambers to produce a beam of sodium. Succeeding this pioneering work were several experiments
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made by Stern and Knauer [61], [62], which laid down the fundamental principles of molecular-
beam techniques. Precision measurements of molecular, nuclear, and atomic properties began with
the introduction of the molecular-beam resonance method by Rabi et al. [63],[64]. Originally
applied to the measurement of nuclear magnetic moments, this was soon extended as a more
general method for use in radiofrequency spectroscopy. Any molecular-beam setup aims to
produce a collimated and uniform stream of particles (which can be both neutral or charged in the
case of ions) for interception and characterization by a diagnostic tool. Typical molecular-beam
systems (shown in Figure 2.1) consist of a reservoir with high-pressure gas, a small aperture in the
reservoir, one or two skimmers to collimate the beam, and a vacuum chamber maintained at low
pressures downstream. In supersonic molecular-beam experiments, a noble gas whose translational
temperature can be lowered to an extremely small value is used as the carrier gas. This quenches
any further reaction before an interception by the ionizing source. Other experiments require
setting a temperature profile or limiting detection to a few species, but in molecular beam mass
spectroscopy (MBMS) experiments, concentration profiles for molecular, radical, and atomic
species and temperatures may be recorded in a free-standing collimated molecular beam.

An extensive review of MBMS for studying the fundamental chemistry of flames was
published by Biordi [20] in 1977. Later work by several research groups [22]-[30] applied MBMS
to probe combustion chemistry. These initial measurements set a baseline for developing and
validating multiple chemical kinetic models. The primary disadvantage to working with electron
impact ionization is the tendency to hard-ionize and the energy resolution of the ionizing electrons.
This makes resolving isomers and products of similar mass extremely challenging [29]. Early

studies of flames using mass spectrometry focused on direct observations of ions. More recent
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advances in the free-radical theory of combustion particulate matter have shifted focus to

characterizing radicals in molecular beams.

GAS SUPPLY

FIRST 5UT

Figure 2.1:Schematic sketch of one-half of a nozzle and the first slit showing the various waves
generated by the nozzle flow. The oblique shock has an initial angle of 38°, the maximum angle
such a shock can negotiate at Mach 4. This design is intended

2.1.3 VUV lonization Source
Synchrotron vacuum ultraviolet (SVUV) photoionization combined with MBMS, also

called synchrotron VUV photoionization mass spectrometry (SVUV-PIMS), was first applied to
low-pressure premixed laminar flame studies at the Advanced Light Source (ALS) [30], [31].
Benefiting from its operability and superior energy resolution, tunable VUV photoionization can
minimize fragmentation interference, distinguish isomers, and detect radicals. It is a selective and
sensitive ionization method making it ideal for probing molecules with low ionization energy. The
application of SVUV-PIMS has achieved great success in combustion diagnostics, providing
remarkable detection of combustion intermediates and identification of isomers [11]. Fixed
wavelength photon sources also offer many of these advantages but are limited in their ability to

resolve isomers.

18


https://www.zotero.org/google-docs/?ddipQx

The inherent challenges associated with a fixed wavelength ionization source can be offset
using a complementary spectroscopy technique such as Matrix Fourier Transform Infrared
Spectroscopy (Matrix FT-IR) [32]. As all polyatomic molecules possess diagnosable vibrational
spectra, this technique can distinguish thermal products with identical mass. A similar molecular
beam approach is used in place of instantaneous detection using a high-energy ionization source -
characterization is accomplished by evaluating the vibrational frequencies generated by absorbing

infrared light.

2.1.4 Micro-reactor

Used in conjunction with photoionization mass spectrometry and Matrix Fourier
Transform Infrared Spectroscopy in the Labbe Lab, the micro-reactor acts as a medium for flash
pyrolysis. The heated micro-reactor, sometimes referred to as a 'Chen nozzle," was developed in
the lab of Dr. Peter Chen [33]- [35]. These devices were first proposed as a reactor for radical
production in 1986. These reactors were subsequently improved by Kohn et al. [35]. In their work,
Kohn et al. [35] wanted to create a reactor that 1) would form a supersonic jet to isolate the radicals
from any further reaction, 2) have conditions that encourage complete reaction of the radical
precursor, and 3) be inexpensive and reusable. The resultant design involved the production of a
tube with approximately 1mm internal diameter and around 2cm in length made of materials that
could be resistively heated to high temperatures. As such, the original tube made of alumina was
modified, including material changes to both SiC, which is commonly used in similar reactors
today, and yttria-stabilized zirconia. By making them small in dimension, it is possible to constrain
the fluid flow residence times to very short intervals (25-150us), allowing observation of the
earliest kinetic processes. One of the main advantages of micro-reactors is that for a given set of

flow conditions, it is possible to thermally decompose samples over short times scales so that only
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the initial decomposition is observed. Combined with laser diagnostics, these devices identify all
species emerging from the reactor, including atoms, radicals, and metastables, as well as stable
species. When operated under dilute conditions, the micro-reactor can isolate unimolecular
reaction schemes allowing examination of thermal products formed at the earliest time scales
(approximately 100us). From a fluid dynamics and heat transfer perspective, the experiments
conducted in the micro-tubular reactor also come in two distinct forms: pulsed flow and continuous
flow in helium and argon.

In recent years, the micro-reactor has been used to study the thermal decomposition of fuels
[36] by coupling to a matrix isolation spectroscopy scheme [32]. Initially mainly used as a source
of organic radicals [37]-[39] for IR spectroscopic analysis, the value of the reactor as a means to
study pyrolysis quickly emerged and since has also been used as a means to study thermal
decomposition [40]-[42]. One shortcoming of the micro-reactor setup is that the temperature and
pressure inside the reactor are poorly characterized. Although the exterior surface temperature of
the reactor can be measured and the upstream pressure monitored, these parameters cannot be
solved inside the reactor due to the complex flow conditions and dimensional constraints. For
helpful information to be extracted for combustion modeling, the temperature and pressure must
be measurable within the reactor so that the products detected can be tied to the prevailing
conditions that led to their creation.

Collaboration with other members of the Labbe Group has provided significant progress
in directly predicting the temperature and pressure at different points inside the reactor. Using
computational fluid dynamics (CFD) simulations of inert carrier gasses like He, Ar, or Ne, it was
possible to carry out simulations of these two critical variables (gas temperature and pressure) as

a function of wall temperature, pressure differential, and mass flow rate. The findings are
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summarized in a 2014 review paper [43] establishing a comprehensive investigation of fluid flow
through a heated micro-reactor. The following section describes two experimental laser diagnostic
techniques which involve the existing micro-reactor as the primary source of radicals. Details of

the experimental integration of micro-reactors with these diagnostic techniques are described next.

2.2 Experimental Methods
2.2.1 Pulsed micro-reactor

One version of the pulsed flow reactor assembly is shown in Figure 2.2. The reactor
consists of a resistively heated silicon carbide (SiC) tube. The reactor is heated using interference-
fitted carbon disks slotted into molybdenum clips, passing up to 5 A current through the reactor to
heat to 1600 K. The heated length is about half to two-thirds the size of the reactor, with the
temperature of the outer wall monitored by a tungsten/rhenium Type C thermocouple (Omega,
wire pairs W/5% Re and W/26% Re, diameter 0.005 in). Upstream of the reactor is a pulsed valve
(Parker General Valve, series 9, 0.25 mm orifice). The valve is controlled with an lota One pulsed
valve controller (the open time of the valve is on the order of hundreds of us[32]), set to operate
at 10 Hz for pulsed He. The temperature of the pulsed valve is monitored with a Type-K
thermocouple (Omega, chrome-alumel, 0.01 in diameter). It can also be controlled (Love Controls,
series 16A) with a flexible heater (0.75 in by 2 in, Minco). A 1 cm inner diameter alumina cylinder
surrounds the SiC reactor to reduce radiative heat losses.

The reactant mixtures for the pulsed experiments range from 0.03%—0.1% in He carrier
gas. Liquid precursors with adequate vapor pressure to prepare gaseous mixtures are degassed
using a freeze-pump-thaw cycle and used without purification from the manufacturer unless
otherwise indicated. The total backing pressure to the pulsed valve is about 1500 Torr He for PIMS

experiments. The pressure at the reactor exit for both experiments is maintained at approximately
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1-10uTorr. The flow at the reactor exit chokes (reaches the local sonic velocity) and undergoes a
supersonic expansion. It is estimated that the free-jet expansion rapidly cools the molecules in the
beam to about 40K (rotationally)[32]within a tube diameter, eliminating any additional reactions.

The degree of vibrational cooling in the molecular beam is unknown and can affect the

photoionization experiments' interpretation.

Pulsed Valve
&
Heater

Thermocouple

SiC Microreactor

Figure 2.2: Inner pyrolyzer assembly with pulsed valve. SiC micro-reactor measured at 3 cm
length and 1 mm inner diameter.

2.2.2 Continuous Flow Reactor
The continuous flow reactor is similar in assembly and orientation to the pulsed flow

reactor but differs in the absence of any solenoid-driven pulsing system. It is replaced by an

externally mounted commercial mass flow controller (MKS P4B 0-200sccm N3) set to operate at
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a 200sccm helium flow rate. The pressure upstream of the reactor is monitored with an MKS
Baratron capacitance manometer and increases approximately linearly with the operating
temperature. At room temperature, the upstream pressure is about 100 Torr; with a reactor
temperature of 1600 K, the upstream pressure is about 290 Torr. The pressure at the reactor exit is
measured with a Micro-lon gauge (Granville-Phillips) and remains constant at about 10 pTorr.
The primary source chamber housing the micro-reactor assembly was modified to integrate a
turbo-molecular pump to be compatible with continuous flow operations. The standard ASA flange
connecting the source chamber to a 6-inch Varian A195 oil diffusion pump was replaced with a
composite ASA-ConFlat (CF) flange of 10-inch diameter for compatibility with a turbo-
=molecular pump. The primary pumping system fitted is the Pfeiffer Vacuum TPU 1201 P pump
with an Alcatel Type 2033 SD roughing pump. While operating the system at a 200sccm flow rate,

the backing pump pressure is measured using a TC vacuum gauge at 500mTorr.

2.2.3 Optical Temperature Measurement
Modifications were made to the temperature measurement system to reduce the time taken

to set up the experiment and improve accuracy. An optical temperature measurement system
replaced the type C thermocouple described in section 2.2.1. The Micro-Epsilon ThermolIMAGER
TIM M-1 camera with a 16mm focusing lens was selected as the imaging tool. This device
measures temperature by characterizing the radiation produced by the heated silicon carbide
reactor. The camera system has a spectral range between 0.92- 1.1 um. The system has a thermal
resolution of 0.1°C with an accuracy of +/- 2% (<1500°C) and an adjustable emissivity input of
0.1-1.0. The camera integrates via USB-A with a computational interface and continuous
temperature measurement through the TIM-Connect software's output. A 3" diameter viewing port

was created in the source chamber. This opening was sealed using a ConFlat (CF) flange with a
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fused silica optical window. The camera is positioned using a multi-pivot arm and stabilized to
produce an 18 cm by 11 cm field of view. The camera can operate across a temperature range of

450-1800 °C with a resolution of 250 micron at a rate of 32 Hz acquisition.

2.3 Diagnostics

Molecules exiting the micro-tubular reactor are probed with two diagnostic techniques:
photoionization time-of-flight mass spectrometry or matrix isolation FT-IR absorption
spectroscopy. At CU Boulder, the masses of the thermal cracking products are identified by fixed
frequency vacuum ultraviolet photons of the 9th harmonic of an Nd: YAG laser. The second set
of experiments utilized a pre-production KM Labs Hyperion tunable VUV laser system to identify

products emerging from the micro-reactor. An application of this is described in Chapter 4.

2.3.1 Photo lonization Mass Spectrometry

Reflectron Time of Flight
Mass Spectrometer

Fuel diluted in
He at 200 SCCM\

1mmLD.28 mmL
Silicon Carbide tube
300 - 1600 K

Under-expanded supersonic
jet @10 Torr, 0.2 mm
molecular beam skimmer

Ionization source at
10.487 eV (118.2 nm)

Figure 2.3: Reflectron photoionization time-of-flight mass spectrometer with fixed frequency
photons at 118.2 nm
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The fixed wavelength ionization source used to characterize the products of pyrolysis is
the Spectra-Physics Quanta-Ray Pro 30 Hz pulsed neodymium-doped yttrium aluminum garnet
(Nd: YAGQG) laser (with fundamental wavelength 1064 nm). This system is tripled twice to generate
vacuum ultraviolet (VUV) photons at 118.2 nm (10.487 eV), the 9th harmonic of the fundamental.
The 118.2 nm light is generated by first tripling the 1064 nm fundamental to 355 nm in a harmonic
generator with KD*P (potassium dideuterium phosphate) crystals. The 355 nm light is then
focused into a xenon: argon gas cell with a fused silica lens, where a small fraction of the incoming
light is tripled to 118.2 nm (estimated at 10 uJ per pulse at 30 Hz [32]. The tripling cell is 30 cm
long and has a total cell pressure of about 300 Torr (Xe: Ar ratio 1:10 [44]-[46]). A schematic of

the laser alignment and time-of-flight operations is shown in Figure 2.4.

Generating Vacuum Ultraviolet (118.2 nm)

MCP Detector —_—
(Linear Mode) = VR2
= lvma
Nd&YAC (.
(1064 nm]} l ‘
» MgF, Biconvex Lens | ! | MCP Detector
1 Fused Silica £ 0 =265 mm l = | (Reflectar Made)
I Plano-Convex Lens £, ... =151 mm
f.. =193 mm 1

I3 Harmonic \\ I
I 355 nm) \ B Ve

- mmm— VAL
I K—---ﬂ:::::::::- -IE-E:::::::::F---
| N VA1
| Xe Tripling Cell |

k—--------‘ XeAr(L:aoy /
Cell Pressure = 120 Torr
\ UV Mirrors /
118 nm focus 455 nn focus
(intersection w/molecular beam) {outside chamberl

Figure 2.4: Generation of 118.2 nm photons (10.487 eV) and ion flight path in the reflectron
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Molecules in the molecular beam with ionization thresholds less than 10.487 eV are ionized
and separated for detection in a 100 cm Jordan (Jordan TOF Products, Inc.) reflectron time-of-
flight mass spectrometer. The ions are accelerated from the source region by a repeller plate behind
the packet of ionized molecules (VAL = 1403 V) and then drawn through an extraction grid (VA2
= 680V). lon optics (VXY = 76 V) guide the ion packet into a field-free region of the flight tube
where separation occurs based on the mass-to-charge ratio (m/z).

The ions are reflected at the opposite end of the flight tube, reversing their direction of
travel (VR1 = 1089 V, VR2 = 1774 V). Assuming all ions created by the 118.2 nm light have a
charge of +1, the lighter molecules will travel faster than the heavier molecules and reach the
detector first. lons are detected with a microchannel plate (MCP) detector (dual plate, chevron-
type, VD = -1850 to -1900 V), creating an avalanche of electrons. For every ion that hits the
detector, approximately 100 electrons are ejected from the plates, thus amplifying the signal [47].
The MCP signal for the fixed-frequency experiments is reported as an analog voltage.

The reflectron-type separation of the ions reduces the kinetic energy distribution of an
individual mass within the ion packet, thus improving the spectrometer's resolution. The mass
resolution in the spectrometer is limited by the temporal width of the ion packet (which is
determined by the pulse width of the ionization source) and the velocity distribution of the ions,
determined by where they were formed spatially with respect to the extractor plates (VAL, VA2).
The mass resolution (m/Dm) in the Jordan reflectron is about 800.

An alternate ionization source that was applied to carry out photoionization mass
spectrometry was the KMLabs Hyperion VUV(TM) pre-production prototype, which uses an
ultrafast fiber laser source coupled with highly-cascaded four-wave-mixing harmonic generation

in a xenon-filled hollow negative-curvature fiber[48]. Photon generation is started with a prototype
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ultrafast ytterbium-doped fiber laser producing 10 pJ, 160 fs pulses at 1035 nm with a repetition
rate of 1 MHz. The output is then frequency-doubled to 518 nm using a betabarium borate (BBO)
crystal [Eksma Optics], with about 50% efficiency. The fundamental at 1035 nm and the second
harmonic at 518 nm pulses are meshed together in time using a delay stage and focused into a
negative curvature fiber ((Glo-Photonics PMC-500/700) filled with ~1000 Torr (20 psia) of xenon
gas. With 4W of 1035 nm and 3 W of 518 nm light entering the fiber in parallel, about 200 mW
of the third harmonic is created using a degenerate four-wave mixing process. This third harmonic
light is combined with the fundamental and the second harmonic to create a cascading effect
driving more four-wave mixing. After generation, the VUV light passes through a monochromator
maintained at a vacuum to select a specific harmonic for the experiment. The VUV generated in
the fiber is spectrally separated and focused onto the target gas jet using an in-vacuum folded
Wadsworth monochromator. The monochromator consists of a flat custom-coated rejector mirror,
a spherical focusing mirror, a flat diffraction grating, and a 1 mm exit slit. The rejector mirror is a
2" diameter fused silica window mounted near grazing angle, coated to transmit 99% of the
1035 nm, 517 nm, and 345 nm light while reflecting >90% of all shorter wavelengths. The focusing
mirror is a 1” diameter, R =400 mm spherical MgF2-coated aluminum concave mirror. The
diffraction grating is blazed for 120 nm with 600 grooves/mm (33021FL01-100R, Newport
Richardson), recoated with MgF2-coated aluminum. No optics are used between the exit slit and
the gas jet except for an MgF. window to prohibit xenon from flowing from the monochromator
into the ionization chamber. This window absorbs about 70% of the 10.8 eV photons and all
photons of higher energy. Modifications made to the monochromator setup to obtain alternate

harmonics are described in work by Couch et al. [49].
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For evaluation of the products of pyrolysis, the following harmonics generated by the setup
are used: 7th harmonic (8.4 eV, 6 x 102 photons/s), 8th harmonic (9.6 eV, 3 x 10*? photons/s), and
9th harmonic (10.8 eV, 4 x 10 photons/s). These harmonics provided the ideal coverage in terms
of ionization energy to evaluate nearly 99% of all organic molecules. The effective repetition rate
was reduced for compatibility with the experimental detection system. This is achieved by pulsing
the voltages on the ion optics in the ionization chamber. Under ordinary operation, the time
between the laser pulse and the ion detection on the MCP is used to calculate the mass of the ion.
However, this laser generates pulses at a repetition rate of 1 MHz, while the ion flight times are
typically 30 ps. With the repeller and extractor always charged to operational voltage, every signal
peak copied every 1 us would be observed. With 5-10 species present during each pyrolysis
experiment, the density of peaks would severely impede interpretation. Instead, the voltage on the
repeller is pulsed at a repetition rate of 10 kHz, corresponding to a 100 pus delay between pulses.
A commercial high-voltage switch (Behlke HTS 21-03-GSM) with a home-built circuit is used to
switch the repeller voltage. lons take approximately 2 us to drift out of the extractable region, so
each voltage pulse extracts ions produced during the previous 2-3 laser pulses. Thus, this setup
only extracts 2—-3% of the ions produced (1000,000 Hz/10,000 Hz= 100 VUV pulses per voltage
pulse). The time between the voltage pulse and the signal on the MCP is used to calculate the ion's
mass; this is independent of the timing of the laser pulses. The precise timing of the brief voltage
pulse (2 ns) from the MCP during an ion detection event is recorded by a high-speed digitizer
(Acqiris U1084A-001) using the Acqiris PeakTDC software. The mass resolution of this

instrument is about m/Am=750 (FWHM).
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2.3.2 Matrix Isolation Infrared Spectroscopy

As a complement to the PIMS, infrared spectroscopy in an argon matrix provides structural
information for the pyrolysis products, differentiating thermal products of identical mass.
Additionally, those molecules and radicals whose ionization energy lies beyond the energy of the
photons produced by the fixed wavelength light source can also be characterized. The molecular
beam formed at the reactor exit impinges on a cold window. The products, now trapped in frozen

argon, are detected by FT-IR spectroscopy, as shown in Figure 2.5

Fuel diluted in Ar
pulsed at 30 Hz

Under-expanded
supersonic jet @ 10 Torr
1mm LD.28 mm L
Silicon Carbide tube
300 - 1600 K

CsI window at 20 K
Argon matrix

Figure 2.5: Pyrolysis products entrained in Ar exit the ptubular reactor and become trapped on a
cryogenic window.

A Varian Turbo V 81 AG, backed by a mechanical pump (Edwards Vacuum Systems),
produces the high-vacuum conditions (10 Torr) necessary for matrix isolation spectroscopy. The
flow reactor assembly is mounted to the vacuum shroud of a two-stage closed-cycle helium
cryostat (APD Cryogenics, model DE-202, 60 Hz and 2.5W cooling capacity at 20 K; compressor

model HC-2D), which cools an infrared transparent cesium iodide (Csl) window to 10 K. Figure
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2.6 shows a detailed cross-sectional view of the matrix assembly and the positions for deposition
and collection of the FT-IR spectrum. The Csl window is mounted in a metallic holder, which is
screwed into the cold finger of the He-cryostat expansion unit. Thermal contact between the finger
and the window holder is enhanced by a thin layer of indium. Molecules exiting the reactor are
aimed at the cold, IR transparent window (approximately 3 cm away). The deposition of many thin
layers of the pulsed reactant gas mixture forms a matrix. A pair of Csl windows on opposing sides
of the cryostat shroud allow an infrared beam to pass for spectroscopic detection.

Rotate vacuum shroud 90°

Sample Deposition
) ) Collect FTIR Spectrum

Helium-cryostat
expansion unit .

Deposition
through Vacu A
heated SiC /3 Prag
S \/ £ b/ )
/] IR w4l
Csl speéfroscopic AL
windows g
. g "
Radiation shield - "Csl window @10K -

Figure 2.6: After deposition on the cold (10 K) window, the outer shroud is rotated 90 for
spectroscopic analysis of molecules frozen in Ar.

Gaseous reactant mixtures are prepared in a glass 1.2 L reservoir upstream of the reactor
in concentrations of 0.04—0.1% in approximately 800 Torr Ar. To achieve resolved IR spectra,
typical deposition rates through a pulsed valve were 0.8 to 1 Torr min from the reservoir
(equivalent to 3—3.6 mmol hr!), depositing between 3 to 6.5 mmol total onto the cold window.
Based on the concentration of the reactants in argon, this is equivalent to about 10 radicals per
pulse. The vibrational spectra are measured using a Nicolet 6700 infrared spectrometer equipped

with a liquid N2-cooled mercury/cadmium/telluride detector (MCT/A, 4,000—650 cm-1). The
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spectrometer is purged with purified dry air, and the spectra are collected with the OMNIC
software package on a Windows operating system. A background scan is taken approximately 1

to 2 hours before the sample scan; all spectra averaged 500 scans at 0.25 cm™ resolution.

2.4 Analysis

The composition of the gas mixture can be quantified using the results of photoionization
spectroscopy. The ionization of a neutral target produces an ion signal proportional to the target
concentration in the area sampled by the photon source. Using Beer's law it is possible to determine

the radiation (in photons per second). This is represented in equation 2.1

I(v) = lo(v) exp(-—no(v)z) (2.2)

Where n is the density of the target gas, o(v) is the ionization cross-section and z is the gas
sample distance, | is the radiation, and v is the frequency.
Since the VUV radiation is ionizing the gas, the resultant ion current j+ is proportional to the

difference between the incident lo(v) and transmitted radiation I(v):

j* o< [lo(v) —1(v)] = 10(v) [1 —exp(-no(v)z)] 2.2)

Finally, since it can be assumed that (—no(v)z) is a small value, by a Taylor's series
approximation, the photoion current j+ is proportional to the product lono(v)z. Converting this
expression from a formulation of Beer's law to photoionization, the ion signal is a function of the
number of molecules in the interaction region, the VUV photon flux through the volume, and the

photoionization cross-section. However, neither the absolute value of the volume nor the incident
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photon flux is known. The volume could be estimated with some uncertainty; however, it can be
gathered into an empirical constant which is ultimately obtained by calibration or can factor out
when taking ratios. The value of the photon flux is a power measurement using a calibrated energy-
dependent photodiode. Therefore, to a first approximation, the photoionization signal Si* due to

species i exiting the micro-reactor can be written as:

Si* = Cnid(E)ai(E) (2.3)

Where n; is the number density of a particular species in the interaction volume, ¢(E) is the
photon flux at a given photon energy, and oi(E) is the molecule's photoionization cross-section at
the given photon energy. Here the signal S;" refers to the total ion counts summed over the desired
mass peak and normalized on the sampling time or the number of scans. Equation (2.3) ignores
the fact that, because of differential diffusion, mass differences, and other factors, molecules of
differing mass and collision cross-sections will be detected with different efficiency. This effect is
considered by defining a mass discrimination factor Di that is empirically determined by
calibration[50]. Incorporating the mass discrimination factor and evaluating the number density of

the neutral target, one finds:

ni = Si +/CDidp(E)ci(E) (2.4)

Where the constant C contains all the geometry-dependent factors that remain unchanged

with differing masses, this value could be obtained by absolute calibration.
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However, while it will be challenging to use Eq. (2.4) to measure the absolute concentration of a

species, it should be straightforward to measure the ratio of two different species, i and j:

n/n; = (S; +/Si+)(CD;d(E)a;(E)/CD;d(E) g (E)) (2.5)

To measure the ratios via (2.6) requires knowledge of the photoionization cross-sections o (E), the

measured photon flux ¢(E’), and an estimate of the mass discrimination factors D;.

2.5 History of the PIMS and Matrix IR experiments at the University of
Colorado

The first forays into using the micro-reactor in the pulsed setting coupled with a matrix
FTIR setup was in 2003 to study the pyrolysis of allyl radicals (CH,CHCHy,) and methyl-peroxyl
radicals (CH200) by Xu Zhang and G. B. Ellison[32]. A challenge to working with the matrix IR
setup lies in discerning the first pyrolytic decomposition products. This is alleviated by using it to
complement photoionization mass spectroscopy, where spectra from the pyrolysis process can be
visualized nearly instantaneously. Using these two techniques and evaluating multiple precursors,
it was possible to evaluate the thermal decomposition of these two radicals.

Another application of these techniques was to understand the impact of furans in
polycyclic aromatic hydrocarbons (PAH) formation during biomass gasification. This research
was carried out by Vasiliou et al. [51] and included exploring the decomposition of furans under
different temperature conditions using the straight tube micro-reactor. The products observed were
validated against results obtained using corresponding electronic structure theory calculations. The
primary products obtained through thermal decomposition are (CO + CH3CCH) and (HCCH +

CH2CO) at around 1350 K. Propargy! radicals were also observed when the micro-reactor is heated
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at around 1550 K. These studies were pivotal in also demonstrating that the pyrolysis process is
pressure dependent. This was confirmed by the additional reactions identified using different
micro-reactor configurations.

Vasiliou and Ellison et al. [52] then applied both Matrix FTIR and PIMS experiments to
characterize the decomposition of acetaldehyde . The decomposition of this molecule over a range
of temperatures and at short residence times had already been well documented, and multiple
products had been identified. These studies validated the primary products of decomposition and
also confirmed that the isotopomers of acetaldehyde CH:CDO, CD3CHO, and CD3sCDO were
similar to CH3CHO. The results obtained here produced a detailed scheme for the pyrolysis of
acetaldehyde, including an analysis of other byproducts. This research effort provided correction
factors to the previously developed Rice-Herzfeld method[53].

To evaluate the properties of gasoline substitutes 2-methylfuran (2MF) and 2,5-
dimethylfuran (DMF), furan was studied as a surrogate molecule[54]. Experiments with furan
were run using the PIMS setup, and two distinct decomposition products alpha-carbene and beta-
carbene were identified. To quantify the concentration of each product, the number density method
described in section 2.4 was applied. It was confirmed that almost 80% of furan decomposed to
form beta-carbene, forming the basis for more extensive research in engine testbeds.

With the results obtained from the previous evaluation, 2-methoxyfuran was analyzed in
both the PIMS and FTIR setup[55]. These studies revealed secondary bimolecular reactions
between 2-methoxyfuran and 2-furanyloxy and methyl radicals generate other organic byproducts.
These include CH,=CHCHO, CH3CH=CHCHO, and CH3COCH=CH>. An analysis of the
concentration of these products revealed only 1-3% of the parent molecule was consumed in these

secondary reactions. These specific insights showcase the combined capability of these
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experiments to discern both the first products of decomposition and also the extent of secondary
reactions.

In 2017, Porterfield et al. [56] applied these setups to assess the thermal cracking of fatty
acid methyl esters. These molecules have been identified as possessing similar combustion
properties to traditional fuels. Silicon carbide tube micro-reactors in PIMS and FTIR were used to
observe the decomposition of methyl acetate and methyl butanoate from 300K to 1600K. Primary
products of decomposition include methanol and ketene at 1000K. As the temperature was raised
to 1300K other products were identified including formaldehyde, methyl, and carbon monoxide.
Methyl butanoate was shown to form similar products with the first decomposition reactions
occurring at 800K. These results were instrumental in developing a generalized scheme for the
decomposition of esters with the formula RCH2-COOCHs. The primary product of decomposition
of relevance to engine operation involved the elimination of methanol to produce ketone.

Rogers et al. [57] applied the PIMS experiment in combination with electronic structure
theory calculations to study the decomposition of propionic acid. This molecule has been identified
as an important combustion intermediate during the combustion of oxygenates such as ethyl esters.
By applying a tunable VUV source, (the pre-production version of the KM Labs Hyperion VUV
Laser), isomer resolution was made possible. This helped narrow down the decomposition of
propionic acid to methyl ketene and water. Two possible routes were discerned - either through
forming a dystonic ion or directly well-skipping to methyl ketene. The Matrix FTIR experiment
was also utilized to confirm that there was no decarboxylation of propionic acid under these
conditions. These results and computational evaluations were utilized to produce updated rates and

branching ratios for the decomposition of propionic acid.
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Multiple other research facilities have also applied the micro-reactor with laser diagnostic
methods to discern the first products of thermal decomposition. These include work at the National
Renewable Energy Laboratory (NREL)[58] where similar diagnostics were applied to understand
the decomposition of 2-phenethyl phenyl ether (PPE) and phenyl ethyl ether (PEE). These studies
presented that the C-O bond breakage was the primary pathway to forming combustion-relevant
radicals. In contrast, the cleavage of C-C bonds was shown to be inoperative across the temperature
spectrum. Another example of the application of the micro-reactor was in research efforts to
understand the pyrolysis behavior of methyl tert butyl ether (MTBE)[59]. These efforts were
focused on measuring the mole fractions of different radicals produced across engine-relevant
temperatures.

The extensive work carried out at the University of Colorado Boulder and the broader
combustion and physical chemistry community, in general, is a testament to the capabilities of the
micro-reactor in combination with powerful laser diagnostics. Together they have been
instrumental in providing scientists and engineers with the knowledge of the very first products of
decomposition. Results have been vital in extending these experimental capabilities to understand
the relationship between the structure and function of individual fuel molecules.

Characterizing the fluid behavior within these devices is an important aspect of further
extending these micro-reactors capabilities to develop next-generation fuels. The thermodynamic
properties of the fluid inside the micro-reactors, such as temperature, pressure, and velocity
distributions, significantly impact experimental results. The first effort to accomplish this was
made by Guan et al. in 2013 [43]. This research effort applied computational fluid dynamics (CFD)
to simulate decomposing large molecules within the reactor. They applied Navier-Stokes equations

to solve for the thermodynamic properties of several tubular micro-reactors in the PIMS
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configuration. Centerline profiles and radial profiles were obtained by varying wall temperature
and mass flow rate. Accurate thermodynamic data is critical to producing precise information on
reaction kinetics. Here, cyclohexene decomposition and methoxy furan pyrolysis were selected as
examples to demonstrate how their reaction rates and mole fractions change with reactors.

The results from this work highlighted the thermodynamic behavior of the tube micro-
reactor. Because of its geometric configuration and the prevailing operating conditions, fluid
within the micro-reactor travels from a region of high pressure to a low-pressure outlet. This causes
a dramatic drop in pressure with a corresponding ramp in pressure across the length of the reactor.
Providing a stabilized pressure environment and controlling the residence times becomes
increasingly difficult under these circumstances, both vital to producing valuable chemical kinetic
inputs. The efforts to remedy this deficiency by applying CFD simulations to develop a new reactor
geometry and fabricating this novel geometry using a digital manufacturing technique are

described in Chapters 6 and 7.

2.6 Oxidation reactions using the micro-reactor geometry

The previous experiments have concentrated on probing the pyrolysis of different fuel and
fuel surrogate molecules. Another critical reaction type that is relevant to modeling combustion
behavior is oxidation reactions. This will require evaluating the interaction between the fuel
molecule with an oxidizer. While reactions with more than one fuel molecule have been carried
out previously in the form of abstraction reactions, experiments with an oxidizer have not been
performed with this setup. The current reactor material, silicon carbide, is ideally suited to operate
in high-temperature, chemically active environments and is incompatible with oxygen. Under
conditions of high temperature and in the presence of molecular oxygen (or air), silicon carbide

oxidizes to form silicon dioxide. The formation of silicon dioxide degrades the reactor's
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capabilities, leading to sustained heating and fracturing challenges at temperatures beyond 1200K.

This has limited the current experiments with the micro-reactor to only the pyrolysis type. The

simulation of combustion reactions involving alternate fuels will require a new reactor material.

This alternate material must be able to operate in an oxidizing atmosphere and retain its chemical

identity while being compatible with existing heating strategies and thermal shock requirements.

Chapter 7 details efforts toward identifying and processing alternate reactor materials using the

digital manufacturing process developed to create silicon carbide geometries. Experimental

evaluations to validate this new material and reactor geometry are proposed in Chapter 8.
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Chapter 3: Computational Modeling of
Combustion Phenomena

3.1 Introduction

Experimental techniques and their advances have been an important part of the
developments made in understanding combustion phenomena [1]. Experiments have enabled
measurements ranging from molecular interactions to observing complex multiphase combustion
systems. Multiple factors characterize the combustion state and its progress from fuel to exhaust
particles, including temperature, pressure, density, velocity, and mixing. Beyond these
fundamental parameters, further characteristics of the combustion system may include the
formation of droplets, sprays, and particles, phase changes, heat transfer, flame—wall interactions,
heterogeneous reactions, and after-treatment performance. Different experimental techniques have
been developed to probe each of these phases and parameters to develop models to simulate the
sub-processes of combustion. Fundamental molecular-level experiments are used to identify
reactant species, quantify molecular reaction rates, and the occurrence of specific chemical
reactions in relation to boundary conditions. Techniques such as laser diagnostics can provide real-
time information on the pressure, temperature, and species concentration in reactive systems and
practical engines [2]-[4]. Mass spectrometry is another method used to isolate specific species and
probe their behavior in engine-like conditions using reactors and flames [5]-[7]. When coupled
with powerful ionization sources, these techniques enable the detection of elemental constituents
of combustion and as part of emissions. These observations can be scaled from measurements of

individual reaction rate coefficients to advanced propulsion systems [2], [3]. The insight gained
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from such partly idealized systems can help develop, advance, and validate chemical models that
act as a conduit between fundamental chemical knowledge and more practical systems behavior.
At the other end of the spectrum, alternate diagnostic techniques such as turbulence
imaging, fluorescence, and absorption techniques permit the capture of temporal and spatial
variations [8] of the fuel mixture in the engine system. Experiments that are closer in practical
application to engines have been integral in evaluating the performance of additives and fuels at
scale. Specifically designed laboratory experiments like Rapid Compression Machines (RCM) [9],
and Advanced Fuel Ignition Delay Analyzer (AFIDA) [10]t provide access to information such as
the ignition delay time, flame speed, flame structure, tendency to auto-ignite and extinction
behavior. Full-size engine evaluations provide the most realistic measurements of different fuels
under varying engine conditions. These evaluations are useful for making user-relevant
measurements such as efficiency and power [11], [12]. However, they are incapable of elaborating
on the impacts of nuanced interactions between different components in the engine system. This
limitation extends to laser diagnostics and mass spectrometry, where experimental shortcomings
curtail the type, number, and complexity of species that can be evaluated. Even in the flame
environment, transport and heat transfer uncertainties might obscure the influence of reactions of
particular interest for a complete combustion process analysis. Comprehensive reaction
information essential for a deeper understanding of the reaction process as a function of
temperature, pressure, fuel mixture and reaction time is often unavailable from each of these
different techniques individually. Understanding combustion processes and the concurrent
development of combustion models require information over a wide range of temperatures and

pressures. It is, therefore, important to consider multiple reaction environments with their specific
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target conditions and advantages for studying a given question since they may show different
sensitivity to certain species and specific reaction pathways.

Designing experiments to provide insight into a range of parameters can be costly and time-
consuming. The inability of each of the techniques described previously to probe more than a few
combustions variables has led to an increased reliance on computational modeling to predict the
global behavior of molecules based on a small number of observable characteristics [13]. This
increased focus on chemical modeling arises from the ever-improving fidelity, the utility of
modeling efforts, and the continuing expansion in computational capabilities. Simulations of
internal combustion engines require applying chemical models to convert the fuel into combustion
products with numerical treatments of the fluid dynamics of reacting flows. Many recent efforts to
meet the demands of improved fuel economy and reduced emissions focus on low-temperature
combustion schemes [14], [15], where the chemical aspects of the simulations are essential.
Similarly, the push to consider alternative fuels to reduce net CO2 emissions and improve our
energy security requires a detailed understanding of the connection between engine performance
and fuel structure, with fuel chemistry being an integral part of this connection [16]. Chemical
models for combustion are also of continuing importance for stationary combustors with oxy-fuel
[17] and mild combustion [18] schemes continuing to be developed and ever higher pressures
being considered [19], [20] again in response to efficiency and pollutant formation concerns.

Historically, engine simulations have, by necessity, employed minimal representations of
either the chemistry or the fluid dynamics. Continuing advances in computational algorithms and
hardware allow simulations that employ more physically realistic treatments of both aspects of the
problem [21], [22]. As a result, such simulations are beginning to be used as engine design tools

[23]. Continued improvements in the predictive accuracy of such simulations should greatly
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enhance their utility in reducing the number of expensive and time-consuming prototypes that need
to be built.

Chemical models for combustion are used to describe not only the conversion of the fuel
into oxidation products but also the formation of various pollutants such as NOy, soot, and
unburned hydrocarbons. Thus, comprehensive chemical models nowadays consist of
thermochemical and transport properties for hundreds to thousands of species, together with rate
coefficients for the thousands to tens of thousands of reactions that connect these species within
the combustion environment. The most extensive mechanisms focus on surrogate fuels' low-
temperature chemistry. In contrast, the smaller mechanisms tend to be either reduced versions of
these large mechanisms for utility in complex fluid dynamics simulations or mechanisms that focus
on the chemistry of small foundational fuels such as hydrogen, methane, syngas, and natural gas.

The fidelity of the full simulations naturally depends on the accuracy of the parameters that
make up the chemical model. Theoretical chemical reaction kinetics has long been critical in
developing quantitative models for the underlying elementary reaction rate coefficients [24]-[26].
Historically, theory has focused on interpreting and extrapolating data from experimentally
accessible conditions to those relevant to combustion. The overarching goal of combustion
chemical modeling is to provide a model that faithfully reproduces the chemical transformations
that occur during the conversion of the fuel into products and pollutants for all relevant conditions
of temperature, pressure, stoichiometry, and dilution. With computational advancements, the
accuracy of high-level computational chemistry studies now often rivals that of experiments. As a
result, theoretical predictions are routinely incorporated into chemical kinetic mechanisms.

Early studies predicting chemical phenomena often relied on experiments and empirical

rules while limited to specific conditions based on experimental capabilities [27]. Early theoretical
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methods allowed for further extension of these experimentally predicted rates for small molecules
to a wider range of conditions outside experimental capabilities, but applications of which were
limited by computing power and resources. Computational power and capability have advanced
rapidly since the start of the 21st century, and the development of more accurate and detailed
chemical kinetic mechanisms has progressed alongside it [28], [29]. Before the year 2000, some
of the largest kinetic mechanisms contained less than 500 species and 1000 reactions, whereas now
increased computing power has allowed for larger mechanisms containing thousands of species
and tens of thousands of reactions [30]. These mechanisms utilize electronic structure theory
calculations to describe the interaction between individual atoms and molecules. These high-level
quantum calculations are used to understand the thermochemistry of each species involved.
Estimating methods may be used to determine the thermochemical properties where these quantum
calculations cannot be applied due to complexity or computational cost. These molecular-level
interactions are then scaled up to produce complete mechanisms. Various experiments have been
developed over the years to help elucidate important aspects of fuel combustion, each type
providing different insights and data sets at varying conditions. In general, experiments provide a
way to measure combustion properties and behavior directly. Experiments provide datasets that
can be used to narrow the scope of computational evaluation reducing the time and computational
cost involved in modeling combustion phenomena. Efforts to automate the computational process
has provided another avenue for application of results from experiments as training datasets. As
these mechanisms continue to become more comprehensive, they have been recognized as a cost-
effective way to predict parameters over a wide range of conditions including those outside of

experimental capabilities.
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An example of the synergy that can be achieved between experimental measurement and
computational modeling is presented in Chapter 4 and Chapter 5. Micro-reactor experiments are
used in conjunction with chemical kinetic mechanism development to predict the decomposition
behavior of various fuels and fuel additives. These molecules are evaluated using Time of Flight
(TOF) Mass Spectrometry (MS), and wherever relevant, the results from these experiments are
used to refine the chemical kinetic model.

A detailed description of the theoretical methodology used to calculate energetics and
reaction rate constants has been explained elsewhere [4], but a brief description is provided in the

next section.

3.1.1 Potential Energy Surfaces

Preliminary potential energy surfaces (PES) of the primary fuel molecule and subsequent
radicals showing the relative energies of each chemical species and the energetic barriers to
reaction (transition states (TS)) connecting these species are generated using KinBot[31], a code
that automatically identifies relevant stationary points and reactions on a surface. KinBot jobs were
run at the b3lyp/6-311++g* level of theory. An energy barrier threshold of 120 kcal/mol above the
reactant well was used for each PES to reduce the computational cost of the calculations performed
by KinBot. This combination of method and basis set is identified as a happy medium between
accuracy and computational cost. Simple bond fissions and reactions featuring a transition state
below the lowest bond fission (+5 kcal/mol) were considered for further manual computational
exploration.

The rovibrational properties of the stationary points of the relevant pathways identified

with KinBot were calculated at the M06-2X/cc-pVTZ level of theory using Gaussian16[32]. At
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the same level of theory, 1-D hindered rotor scans were performed for each rotatable bond to
capture better the internal motion's influence on the rate constants. Additionally, the scans help
confirm the lowest energy conformers of the stationary points were found. More accurate energy
estimates of the static points were achieved via single-point energy calculations at the
CCSD(T)/cc-pVnZ level of theory (where n=D, T). These energies were extrapolated to an infinite

basis set using the formulation found in[33], [34]. To confirm the suitable single-reference

methods used in this work, the T1diagnostic was calculated for each stationary point. Final

energies are reported at the CCSD(T)/cc-pVooZ//M06-2X/cc-pVTZ level of theory.

3.1.2 Rate Constant Calculations

Optimized geometries, frequencies, energies, and rotor scans are inputs used to calculate
pressure and temperature-dependent rate constants. The master equation system solver (MESS)
code [35] developed at Argonne National Laboratories was used to calculate reaction rate constants
due to its ability to handle "multiple-well" interactions effectively. When experimental data was
not available to tune parameters, a value of <AEd>= 200 cm-1(T/298 K)0.85 was assumed for the
collider N2, which helps model a molecule's ability to transfer energy with pressure-related
collisions. For all transition state barriers, Eckart tunneling corrections were included. The
PhaseSpaceTheory keyword was used to model the barrierless reactions of with the interaction
potential assumed to follow a standard Cr-6 model. The exponential prefactor C was varied until
the high-pressure rate of the recombination of the radicals had a value of approximately 1.5 x 10-
11 cm3/molecules-s based on previous work[36], [37]. The final rates were calculated and
converted to the standard PLOG format accepted by CHEMKIN-Pro. Only reactions that had non-

zero branching ratios under these P and T conditions were included in the updated mechanism.
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Chapter 4:  Experimental and theoretical
evaluation of the links between structural
details and the sooting tendency of
methylcyclohexene isomers

4.1 Introduction

Combustion-related air pollution associated with transport, electricity generation, or
industrial use is documented to significantly impact mortality and cardiovascular and respiratory
health[1]-[6]. Among the primary drivers for the increased ecological risk is the formation of
particulate matter (PM) during the combustion of fossil fuels[2]. The presence of particulate matter
in the atmosphere is further augmented by the significant release of organic material during
wildfires worldwide [7]. The chemical composition and characteristics of these substances must
be understood to recognize the long-term effects of these particles on climate, air quality, and
health. Hence, the knowledge of kinetics and formation mechanisms for these particles, their
interaction with reactive species, and the development of predictive models are critical[2].

Particulate matter in diesel engines originates from the clustering of unburnt fuel, partly
burnt lubrication media, water, and sulfates[8], [9]. The levels of PM produced in diesel engines
are almost six to ten times higher than in spark ignition engines[9]. However, with the drive to
extract larger amounts of power and improve efficiency from Sl engines through direct injection,
the amount of PM produced by these engines is also rising[10]. Regulatory changes and a general
awareness of the ecological impact of these emissions had resulted in the adoption of particulate

matter filters in most diesel vehicles. However, the cost and complexity of these devices prevent a
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more widespread proliferation of these systems[11]. Changing fuel composition is an alternative
solution that could greatly impact internal combustion engine PM emissions, mitigating the need
for a costly particle filter solution[12].

The development of alternate fuel compositions has benefitted from applying
computational models and numerical indices to predict likely emissions. These methods include
the smoke point[13], threshold sooting index[14], oxygen extended sooting index, and the
Particulate Matter Index (PMI)[15]. These methods either rely on experimental results, scaled up
from simple organic molecules to predict the sooting tendency of different molecules, or through
empirical chemical assessments of different chemical tendencies to form fine particles. The Yield
Sooting Index (YSI) [16], [17]developed at Yale University is a more precise tool. This technique
is agnostic of experimental parameters and links the chemical structure to the sooting tendency.
An extension of the YSI is in the form of the quantitative structure-activity relationship (QSAR)
model[18], [19]. This predictive tool applies YSI data to guess the likely soot produced from a
chemical compound using existing, validated YSI data as training models. This tool is critical to
ensuring that a large number of potential fuel candidates can be quickly screened for their tendency
to form particulate matter. There are, however, scenarios where the model fails to capture sooting
chemistry precisely. This presents an opportunity to add more nuanced exceptions to the training
data to improve the fidelity of these predictive tools.

An example of an opportunity to enhance the training dataset of this model was
investigated by Kim et al. [12] through an analysis of the YSI of three methylcyclohexene (MCHe)
isomers. This study noted that the experimental measurements varied considerably from the
predictions of the QSAR model. The model consistently over-predicted the YSI values by 7 to 46

units[19]. Specifically, the experimentally observed value for 3 methyl-1-cyclohexene (3MCHe)
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in studies by Das et al. [18] of 85 was significantly higher than that of the other two isomers, 1-
methyl-1-cyclohexene (LMCHe) and 4-methyl-1-cyclohexene (4MCHe), each with a YSI of ~62
units. Kim et al. [12], through the application of density functional theory (DFT) and flow reactor
experiments (T=850-1100 K, ®=1.0), validated this difference in YSI values by showing that the
preferred reaction route for both 1 MCHe and 4 MCHe decompositions to be through the stepwise
retro-Diels Alder reactions. In the case of 3SMCHe, there were additional competing pathways to
form higher amounts of cyclic dienes and aromatics, known as soot precursors. Despite undergoing
decomposition through different routes, the activation-energy barrier for the primary reactions is
similar in all three isomers, complicating an empirical evaluation. The experimental conditions
of the evaluations carried out by Kim et al. [12] could allow for bimolecular reaction reactions in
addition to oxidation. This could result in H-atom abstraction reactions from the fuel, obscuring

other direct decomposition routes. Figure 4.1 shows the primary decomposition routes for each

isomer.
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Figure 4.1: The Retro-Diels-Alder stepwise mechanism for each MCHe isomer, as described by
Kim et al.[12]. The pathways are initiated through biomolecular reactions where free radicals
abstract H-atoms from the fuel.
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The oxidative nature of the experimental conditions under which Kim et al.[12] evaluated
the decomposition resulted in the H-atom abstraction from the carbon atoms in the ring in the case
of LIMCHe and 4MCHe as opposed to the methyl group in the case of 3MCHe. The formation of
allylic radicals in the case of 1IMCHe and 4 MCHE is followed by a stepwise retro Diels-Alder
reaction to form an alkene and a diene. For 3MCHe, since the H-atom abstraction was on the
methyl group, the radical formed tended to prefer dehydrogenation to form cyclohexadiene and
toluene, known as soot precursors. To fully understand the effects of experimental parameters on
the decomposition process, the competition between the formation and decomposition of radical
isomers, the stepwise retro Diels-Alder, and the concerted-retro-Diels-Alder pathways are critical
to consider in predicting sooting tendency for methyl cyclohexenes.

Isomers of MCHe have primarily been evaluated experimentally in bimolecular
environments. While these are critical studies to understanding soot formation in engine-relevant
conditions, distinctions between unimolecular decomposition's role and the fuel's abstraction
chemistry are clouded. Further insight can be gained by studying the pyrolysis of the MCHe
isomers under dilute conditions where bimolecular chemistry is suppressed. There have been
limited investigations on understanding the thermal decomposition of the three isomers. Garnett
et al.[20], in 1976, evaluated the pyrolysis of LMCHe, documenting the formation of 1,3 butadiene
and ethylene as the retro Diels-Alder products at 495°C. In 2015, Gardiner et al.[21] studied the
comparative decomposition of LMCHE and 4MCHe through velocity map imaging. Kim et al.[12]
also studied the unimolecular decomposition pathways and documented the energetics of the
possible isomerization of the radicals. These results served as the baseline for an in-depth
evaluation of the unimolecular decomposition of 1IMCHe, 4MCHe, and 3MCHe to explain their

different sooting tendencies.
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This chapter presents an experimental evaluation focused on observing the pyrolysis
reactions of the three isomers (IMCHe, 3MCHe, and 4MCHe) using the photoionization mass
spectrometry (PIMS) time of flight experiment. This evaluation presents an ideal use case to
compare the performance of two different ionization sources — the fixed wavelength Nd:YAg laser
at 10.487 eV (118.2 nm) and the prototype Hyperion VUV laser. These results are then combined
with theoretical calculations of the unimolecular decomposition of the MCHe isomers, and their
radicals, the first radicals produced directly from the fuels themselves, are identified, along with
the likely pyrolysis pathways that lead to the formation of soot precursors. This approach allows
us to resolve which products are directly formed from the fuel itself and help separate that
chemistry from the bimolecular chemistry previously observed [12], [22], which can further
improve the ability of predictive models for YSI [19].

Dissociative ionization is a challenge encountered while using fixed wavelength ionization
sources where pyrolysis products are often indistinguishable from those produced by the
interaction of the ionizing photons and the fuel. The operation of the PIMS experiment with a
tunable frequency light source enables isomer resolution by selectively ionizing products of
decomposition, which is not with the fixed wavelength Nd:Y Ag system. The ability to operate the
laser across a range of wavelengths also reduces the effects of dissociative ionization. Further, by
operating at higher energy levels (10.8 eV) it is possible to observe products whose ionization

energy is greater than that of the fixed wavelength source.
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4.2 Experimental and computational methods

4.2.1 Experimental evaluation of pyrolysis

The experimental data obtained in this study were measured using a microreactor coupled
with PIMS detection methods described in detail elsewhere[23]-[26]. Here, we describe the
experiment briefly. A microreactor tube that is 1 mm in internal diameter and approximately 3 cm
long made of silicon carbide (SiC) is resistively heated, and the wall temperature is monitored
using a Type C thermocouple. Silicon carbide is chemically inert with a high melting point, making
it a suitable choice for high-temperature pyrolysis studies. The reactor wall temperature
uncertainty is estimated to be + 50 K due to variations in temperature along the length of the reactor
wall, and measurements were obtained at steady wall temperatures in 100 K increments along a
temperature range of 500-1500 K for all three isomers with an additional measurement at room
temperature. Guan et al. [26] reported that the gas centerline peak temperature is approximately
100 K lower than the measured wall temperature of the reactor after passing through approximately
one-third of the reactor length. Typical reactor residence times are on the order of 150 ms, and the
pressure behind the reactor is ~200-500 Torr [26]. Upon exiting the reactor, the gas expands
supersonically into a source chamber held at ~10-4 Torr. The expansion causes near-instantaneous
cooling, which limits molecular collisions and suppresses further chemistry. The exiting stream is
skimmed to form a molecular beam directed to the ionization chamber held at ~10-6 Torr.

Products of decomposition are measured with PIMS using the 9th harmonic of an Nd: YAG
laser, which is generated by taking the 3rd harmonic of the Nd: YAG (Spectra-Physics) through
an Ar/Xe tripling cell producing vacuum ultraviolet photons (118.2 nm or 10.487 eV with 0.5 pJ

pulse—1 at 30 Hz). The mass spectra are collected using a Jordan reflectron TOF mass
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spectrometer. A Channeltron-type electron multiplier detects the ionized species, and the spectra
are collected with a digital oscilloscope interfaced with a computer.

Confirmation of the data collected using the Nd: YAG laser system was obtained through
PIMS experiments carried out using the 8th harmonic (9.6 eV, 3x1012 photons/s) and 9th
harmonic (10.8 eV, 1x1012 photons/s) of a pre-production model of the KMLabs Hyperion
VUVTM, which is an ultrafast fiber laser source (the Y-Fi UltraTM) in conjunction with highly
cascaded four-wave-mixing harmonic generation in a xenon-filled hollow negative-curvature
fiber. In this system, the output of a ytterbium-doped fiber mode-locked oscillator is amplified in
three stages by chirped-pulse amplification. This results in approximately 10 W average power at
a center wavelength of 1035 nm, 1 MHz repetition rate, and 160 fs pulse duration. A beta-barium
borate (B-BBO) crystal is used to generate 4 W (4 uJ pulse energy) of the second harmonic, 517
nm, and focus both the 517 nm and 1035 nm light into a hollow-core negative curvature fused
silica fiber. The two-color driving laser enables a cascaded four-wave-mixing process that
generates all harmonics of the 1035 nm fundamental up to the 15th harmonic. More details on the
operation and applications of the tunable VUV source and setup can be found in work by Couch
et al. [27]. Species ionized by intercepting pyrolysis products and this photon source are detected
and characterized using the same reflectron system detailed previously. The individual mass
spectra obtained for each ionization source in this work are included in Appendix C4 (Figures
S4.1-S4.3).

High purity He (99.999%) from Airgas was used as the diluent for each MCHe isomer.
3MCHe was obtained from TCI Chemicals (3MCHe: > 93.0% purity) and 4MCHe and IMCHe
were obtained from Sigma Aldrich (IMCHe: > 96.5% purity, 4MCHe: > 98.5% purity). Dilute gas

mixtures were prepared in a stainless-steel cylinder using a Setra Model 280G pressure transducer
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to deliver He and an MKS 750B Baratron absolute pressure transducer for the fuels. Gases flow
continuously through the reactor at 200 SCCM using an MKS Mass Flow Controller (MFC). The
final mixtures were 0.01% of a single MCHe isomer in helium based on partial pressures, and
under these conditions, we expect bimolecular chemistry to be minor compared to the

unimolecular chemistry with these selected concentrations or reaction conditions.

4.2.2 Computational evaluation of pyrolysis

While the mass spectra produced can provide a snapshot of the key reaction intermediates
and radicals present within the microreactor during the experiments, further understanding of the
breakdown energetics is necessary to attribute these intermediates to specific mechanistic steps.
This work generated a potential energy surface (PES) for the unimolecular decomposition of each
MCHe isomer, including all bond dissociation energies and the retro-Diels-Alder pathway.
Starting geometries for the retro-Diels-Alder transition states and products were obtained from
Kim et al. [12]. For any bond fission routes found active under our experimental conditions (T =
300-1500 K, P = 0.1atm), the resulting radicals were also explored computationally. KinBot [28]
was used to provide preliminary PESs of these MCHe radical decompositions at the B3LYP/6-
311++G™* level of theory. All explored pathways were further refined to obtain more accurate
energetics using the following technique.

The rovibrational properties and geometry optimizations of the reactants, products, and
transition states were determined at the M06-2X/cc-pVTZ level of theory using Gaussian 16 [29].
1-D hindered rotor calculations were also performed at the M06-2X/cc-pVTZ level of theory
which is a necessary component of the rate constant calculations as they describe the internal
rotational motion of a molecule. Higher-level energy estimates for the stationary points were

obtained using the CCSD(T)/cc-pVooZ method, where the infinite basis set limits are estimated
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from an extrapolation of results obtained from sequences of cc-pVnZ where n = (D, T) basis sets
[30][31]. Final energies are reported at the CCSD(T)/cc-pVoZ//M06-2X/cc-pVTZ level of theory
which includes zero-point correction factors.

The master equation system solver code (MESS) [32] was used to calculate pressure and
temperature-dependent rate constants across a wide range of conditions (T= 500-2000 K, P = 0.01
-100 atm). A value of <AEd>= 200 cm-1(T/298 K)0.85 was used for the collider He, which helps
accurately model the collisional energy transfer. Eckart tunneling corrections were included for
the concerted retro-Diels-Alder pathways and important radical decomposition pathways to
account for tunneling. The bond fissions were calculated PhaseSpaceTheory feature of MESS,
which follows a V=-C/rn model of the potential energy surface as a function of distance.
Parameters C and n were calculated by fitting the bond dissociation energy profile as a Morse
oscillator between 30-50% past the equilibrium bond length. A full description of this method is
found in [33]. The rate constants calculated in this work were fit to PLOG format for use in

combustion simulation codes and are included in Appendix C4.

4.3 Results: Pyrolysis kinetics of methylcyclohexene isomers

To discern how the double bond location influences the production of soot precursors for
each of the three MCHe isomers under pyrolysis conditions, we applied our combined theoretical
and experimental approach to probe the unimolecular decomposition mechanisms. Furthermore,
we highlight key observable differences in the radical chemistry between these conditions and
those of Kim et al. [12] to help differentiate the soot precursors formed via pyrolysis or an oxidative
(bimolecular) environment. We begin our discussion with the 1IMCHe and 4MCHe isomers since

they have similar measured YSI values (~62) [34]. This is followed by a discussion of the 3SMCHe
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isomer, which is the outlier of the three isomers having a YSI 22 points higher than the other two

[34].

4.3.1 1 methyl-1-cyclohexene

According to Kim et al. [12], under combustion conditions, five radicals are formed via H-
atom abstraction from 1MCHe, where the formation of the resonantly stabilized radicals is favored.
One of these resonantly stabilized radicals (IMCHe-R3) leads to the stepwise retro-Diels-Alder
(Figure 4.1) route, which leads to ring-opening producing isoprene and ethylene and a reduction
in sooting tendency. However, under dilute pyrolysis conditions, abstraction reactions play a
lessened role. Initiation chemistry from 1MCHe can occur either through the concerted retro-Diels-
Alder pathway or through one of seven bond fissions, including a homolytic scission of the methyl

group from the ring, as shown in the potential energy surface (PES) for LIMCHe in Figure 4.2.
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Figure 4.2: Potential energy surface of the unimolecular decomposition of 1MCHe including the
bond dissociation pathways and the concerted retro-Diels-Alder (r-DA) route. The energies are
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calculated at the CCSD(T)/cc-pVooZ//M06-2X/cc-pVTZ level of theory and reported in kcal/mol
relative to the parent molecule. Solid lines (red) are active, and dashed lines (black) are inactive
pathways under our experimental conditions (T=300-1500 K, P=0.1 atm) according to our rate
constant calculations. Branching ratio plots of the decomposition rates can be found in Figure 4.3.

As highlighted by the PES, the concerted retro-Diels-Alder is the lowest energy pathway
(63.2 kcal/mol) and has been deemed necessary in previous studies [12] [20]. The energetics show
the next likely reactions are one of three C-H bond fissions resulting in a resonantly stabilized
radical. In order, the lowest bond dissociation energies are 82.9 kcal/mol to form the 1IMCHe-R3
radical, 84.3 kcal/mol to form the 1IMCHe-R6 radical, and 87.5 kcal/mol to form the 1MCHe-R0
radical. This is in line with the H-atom abstraction energetics calculated by Kim et al. [12], which
also determined that IMCHe-R3 and 1IMCHe-R6 were the most stable abstraction radicals due to
their resonantly stabilized structures. Rate constant calculations performed in this work further
emphasize that the pyrolysis of LMCHe is solely dominated by the concerted retro-Diels-Alder
reaction under our experimental conditions (see Figure 4.3). The reaction rate for the concerted
retro-Diels-Alder reaction is at least an order of magnitude above all other unimolecular reactions
for IMCHe over a temperature range of 500-1500 K. Branching ratio calculations were also
performed, where the branching ratio equals the reaction rate constant of interest divided by the
sum of all reaction rates, thus yielding a percentage of total unimolecular flux from 1MCHe to
products. For LMCHe, at least 96% of the flux over the 500-1500 K temperature range proceeds

through the concerted retro-Diels-Alder path.
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Figure 4.3: Theoretically calculated rate constants (left) and branching ratios (right) for LIMCHe
pyrolysis, including bond fissions and the retro-Diels-Alder reaction. Radical names in the legend
are the same used in the PES in Figure 2. The most dominant reaction is the concerted retro-Diels-
Alder reaction shown in black.

The rates suggest any soot precursors formed during LMCHe pyrolysis will come from the
products of the retro-Diels-Alder reaction, isoprene, and ethylene. Microreactor experiments with
0.01% 1MCHe diluted in He were conducted to confirm our theoretical calculations. Figure 4 4
presents several distinct masses observed experimentally in the PIMS spectra of 1IMCHe using the
9th harmonic (10.487 eV) of an Nd: YAg laser, including m/z 96, 81, 78, 68, 52, 40, 39, and 15.
Since only the products of the first ionization of each of the respective masses are observed, m/z
corresponds to the molecular weight. The data is split into two plots, major species (max peak
signal height > 20 %) and minor species ( max peak signal height < 20 %), for clarity. The masses
in Figure 4.4 are plotted as a percentage (%) of the total maximum peak signal height as a function
of temperature at the ionization energy of the Nd: YAg laser (10.487 eV). To obtain the fraction
of the total peak signal height for each pass, the maximum signal intensity of the peaks of interest
is summed up, and the signal intensity for each mass is divided by the total ion intensity for each

temperature sweep. This provides a pseudo-normalization but does not report relative
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concentrations since ionization cross-sections are not included. Thus, the data presented in these

plots should be considered an indication of the mass presence and not relative mass concentrations.
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Figure 4.4: Percentage (%) of the total maximum peak signal height as a function of temperature
is shown for significant mass values from 1MCHe spectra (IE= 8.67 £ 0.02 eV [35]). Top: major
species (greater than 20 % flux). Bottom: minor species (less than 20 % flux). The presence of
dissociative ionization is detected in the 10.487 eV by the presence of m/z 81 at room temperature.
PIMS spectra from all three laser intensities used in this work can be found in Appendix C4. C13

peaks of the fuel (m/z 97) and isoprene (m/z 69) were left out of the figure for clarity.

68



1MCHe and Main & Dissociative lonization Products (Masses 96, 81, and 68): At 500 K
the dominant peak is m/z 96, representing the parent peak of LMCHe. At the same temperature,
additional peaks of m/z 39, 40, and 81 are observed, which correspond to the dissociative
ionization products of the parent molecule since the IE of 1IMCHe at 8.67+0.02 eV [35] is much
lower compared to the energy of the ionizing photons (10.487 eV). Since the m/z 81 peak is present
at room temperature and decays with increasing temperature, it is not considered a species of note
as this is not a pyrolysis product. M/z 39 and 40 remain constant until approximately 1400 K when
they begin to increase with temperature, suggesting they are then products of pyrolysis above 1400
K. At 1200 K, an additional peak at m/z 68 is observed. This corresponds to the thermal
decomposition of the parent molecule into ethylene m/z 28 (IE of 10.5138 + 0.0006 eV [36]) and
isoprene m/z 68 (IE of 8.85 + 0.02 eV [37] ) via the concerted retro-Diels-Alder reaction which
theory indicated to be the only important unimolecular reaction from 1MCHe. Since the ionization
energy of ethylene is higher than that of the laser energy (10.487 eV), this peak is visible only in
the spectra obtained at the 9th harmonic (10.8 eV) of the Yi-Fi laser, the spectra and plots for
which are found in the Appendix C4. The experimental presence of isoprene and ethylene validates
the calculated pyrolysis rates showing the retro-Diels-Alder reaction is active under these

conditions.

Products of Isoprene Decomposition (Masses 52, 40, 28, and 15): Isoprene production
increases up to 1500 K after which the relative signal percentage decreases, suggesting this product
is now being consumed via other reactions. The decomposition of isoprene at high temperatures
has previously been studied by Weber and Zhang [38]. Above 1200 K, two primary reaction paths
are competitive: 1) a bond fission to form methyl radical (m/z 15) plus CH2=C--CH=CH2 radical

(m/z 53), which decomposes to vinyl acetylene (m/z 52), and 2) a unimolecular route forming
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ethylene (m/z 28) and allene (m/z 40, IE=9.688 + 0.002 eV [39]) directly [38]. Figure 4.4 shows
evidence of both pathways with masses m/z 52, 40, 28, and 15 all increasing in % max peak signal

height above 1500 K as isoprene decays.

Other masses (78, and 39): The remaining masses, m/z 39 and m/z 78 require further
investigation. First, m/z 39 is likely propargyl radical formed via an H-atom loss from allene (m/z
40). Excess propargyl could also be formed via H-abstraction from allene via the CH3 radicals
produced from the active isoprene bond fission route [38]. Excess amounts of propargyl radical
may allow for a recombination reaction of two propargyl radicals to form m/z 78, which was
observed experimentally by Weber et al. [38] above 1250 K. The mechanism for propargyl
recombination is well known [40] and under the conditions of our experiments, is likely to form
the 1,5-hexadiyne (HC°C-CH2-CH2-C°CH), a linear isomer of m/z 78. Thus, all observed masses
are explained via the concerted retro-Diels-Alder route and the decomposition of isoprene, and
under pyrolysis conditions, the only soot precursors are formed via the formation of propargyl
radical and its recombination to form 1,5-hexadiyne. Furthermore, the observed masses
substantiate our reaction rate constants, suggesting that under these experimental conditions, the

retro-Diels-Alder reaction is the only active pathway.

4.3.2 4 methyl-1-cyclohexene
The same approach of analyzing the thermal decomposition products of IMCHe was

applied to evaluate the other two isomers. Figure 4.5 shows the PES for the unimolecular
decomposition of 4MCHe, including the concerted retro-Diels-Alder pathway forming 1,3-
butadiene and propene (63.0 kcal/mol). Again, the retro-Diels-Alder reaction has the lowest energy

barrier, which is 20 kcal/mol lower than the lowest bond dissociation energy to form 4MCHe-R5.
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The 20 kcal/mol difference in energy is approximately the same energy difference calculated for
1MCHe. Like 1MCHe, the resonantly stabilized radicals (4AMCHe-R2 and 4MCHe-R5) formed via
C-H bond fission have the lowest bond dissociation energies (83.0 and 83.5 kcal/mol, respectively)

followed by the methyl bond fission at 86.4 kcal/mol.
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Figure 4.5: Potential energy surface of the unimolecular decomposition of 4MCHe,including the
bond dissociation pathways and the concerted retro-Diels-Alder route. The energies are calculated
at the CCSD(T)/cc-pVooZ//M06-2X/cc-pVTZ level of theory and reported in kcal/mol relative to
the parent molecule Solid lines (red) are active and dashed lines (black) are inactive pathways
under our experimental conditions (T=300-1500 K, P=0.1 atm) according to our rate constant
calculations. Branching ratio plots of the decomposition rates can be found in Figure 4.6.

Interestingly, our reaction rate constants in Figure 4.6 suggest two active pathways under
our experimental conditions: the concerted retro-Diels-Alder reaction and the methyl bond fission.
The retro-Diels-Alder reaction for form 1,3-butadiene and propene is the only active route until
~1000 K, and still is the dominant reaction up to 1500 K. However, at 1000 K, the methyl bond

fission starts to play a minor role and reaches a branching fraction of ~22% at 1500 K. Notably
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methyl fission from 4MCHe is not the lowest energy bond fission reaction. However, symmetry
considerations make methyl fission a more competitive reaction despite the 3.4 kcal/mol increase

in bond fission energy over the lowest C-H bond fission.
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Figure 4.6: Theoretically calculated rate constants (left) and branching ratios (right) for 4MCHe
pyrolysis, including bond fissions and the retro-Diels-Alder reaction. Radical names in the
legend are the same used in the PES in Figure 4.5. The two active reactions are the concerted
retro-Diels-Alder reaction (black) and the methyl bond fission (blue).

4MCHe and Main & Dissociative lonization Products (Masses 96, 81, 54, and 42): Using
the same experimental setup, we can investigate the products formed during the unimolecular
decomposition of 4MCHe. Figure 4.7 shows 4MCHe scans run at a concentration of 0.01% in
helium at the 10.487 eV laser energy level. In addition to the parent fuel peak at m/z 96, the spectra
present an additional peak at m/z 81 at low temperatures, indicating a similar dissociative
ionization effect to the one seen in LIMCHe. At 1200 K, peaks at m/z 54 and 42 are observed. As
the rate constants suggest, this is evidence of 4MCHe decomposition via the concerted retro-Diels-
Alder reaction to form 1,3-butadiene (m/z 54, IE=9.07+0.004eV [41]) and propene (m/z 42,

IE=9.7435 + 0.0005 [42]).
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Figure 4.7: Percentage (%) of the total maximum peak signal height as a function of temperature
is shown for significant mass values from 4MCHe spectra (IE= 8.91 = 0.01 eV [35]). Top: major
species. Bottom: minor species. The presence of dissociative ionization is detected in the 10.487
eV by the presence of m/z 81 at room temperature. PIMS spectra from all three laser intensities
used in this work can be found in the Appendix C4. C13 peaks of the fuel (m/z 97) and 1,3-butadiene
(m/z 55) were left out of the figure for clarity.

Products of 1,3-Butadiene (Masses 39 and 15): At 1500 K, 1,3-butadiene (m/z 54) begins to
decompose, and peaks at m/z 39 and m/z 15 starts to grow in, suggesting they are direct
decomposition products of 1,3-butadiene. This is in line with previous work [43] [44] that

demonstrated the primary pyrolysis channel of 1,3-butadiene is to isomerize to 1,2-butadiene,
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followed by subsequent C-C bond fission to form methyl radical (m/z 15) and propargyl radical
(m/z 39). More recent work by Lockhart et al. [45] suggests a more direct route to form methyl
radical and propargyl radical from 1,3-butadiene via direct dissociation, which essentially skips

the isomerization step to form 1,2-butadiene.

Other Masses (Mass 78): The remaining mass is m/z 78. As seen in the decomposition of
isoprene [38] for IMCHe and additional studies like that of Scheer et al. [46], when propargyl
radicals are produced in excess, a recombination reaction can occur to produce 1,5-hexadiyne (m/z
78). However, our theoretical work suggests a possible second pathway to m/z 78 via the methyl
bond fission route. This would involve the remaining radical (m/z 81) to scission of an H-atom
forming 2,4-cyclohexadiene (m/z 80). Another H-atom loss followed by a subsequent b-scission
of an H-atom would produce benzene (m/z 78). While we cannot distinguish between the isomers
of m/z 78 with the current experimental set-up, we believe the route forming benzene is likely a
minor route since the 2,4-cyclohexadiene (m/z 80), a stable species with low ionization energy
(8.25 eV [47]), is not detected experimentally at any temperature. Additionally, the low fuel
concentration (0.01%) used in the study could make observation of this route difficult as the
branching ratio only reaches a maximum of 20% at 1500 K.

Considering this, the only definitively observed decomposition route of 4MCHe is the
concerted-retro-Diels-Alder reaction, which was verified theoretically and experimentally. While
the methyl bond fission route may produce trace amounts of benzene (m/z 78) this would not be
distinguishable in our experiment from the linear m/z 78 species likely formed due to propargyl

recombination.
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4.3.3 3 methyl-1-cyclohexene

Finally, we examine the decomposition of SMCHe, which has a substantially higher
YSI than the other two MCHe isomers. Figure 4.8 shows the PES of the unimolecular
decomposition of 3MCHe. Again, the lowest energy pathway is the concerted retro-Diels-Alder
reaction (61.1 kcal/mol). However, the lowest bond fission is not a C-H bond, as seen with the
previous two isomers. Instead, due to the location of the double bond, the lowest energy bond
fission involves breaking the C-C bond to lose the methyl group resulting in a resonantly stabilized
2-cyclohexenyl radical (71.3 kcal/mol). Of note is the difference between this bond dissociation
energy and the concerted retro-Diels-Alder energy barrier at only 10.2 kcal/mol, which suggests
the lowest energy bond fission is more competitive for 3MCHe than it was for the previous two

isomers.
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Figure 4.8: Potential energy surface of the unimolecular decomposition of 1MCHe including the
bond dissociation pathways and the concerted retro-Diels-Alder (r-DA) route. The energies are
calculated at the CCSD(T)/cc-pVooZ//M06-2X/cc-pVTZ level of theory and reported in kcal/mol
relative to the parent molecule. Solid lines (red) are active and dashed lines (black) are inactive
pathways under our experimental conditions (T=300-1500 K, P=0.1 atm) according to our rate
constant calculations. Branching ratio plots of the decomposition rates can be found in Figure 4.9.

Rate constant calculations for 3MCHe highlight the competition between the concerted
retro-Diels-Alder reaction and the methyl fission pathways at our experimental conditions (T =
300-1500 K, P = 0.1 atm). At lower temperatures, the retro-Diels-Alder reaction is the faster
reaction. However, at around T = 750 K, a crossover in branching fraction for 3MCHe
decomposition occurs (see Figure 9 right). The methyl cleavage becomes the dominant reaction,
leading to a 90/10 split between methyl cleavage and the retro-Diels-Alder reaction at 1500 K.
This suggests that both reactions will play a role in the pyrolysis experiments performed in this
work, with the production of methyl + 2-cyclohexenyl radical becoming the most important

products in the highest wall temperature experiments.
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Figure 4.9: Theoretically calculated rate constants (left) and branching ratios (right) for 3aMCHe
pyrolysis including bond fissions and the retro-Diels-Alder reaction. Radical names in the legend
are the same used in the PES in Figure 4.8. The two active reactions are the concerted retro-Diels-
Alder reaction (black) and the methyl bond fission (blue).

A similar analysis of 0.01% 3MCHe in helium was carried out using the 10.487 eV
ionization source to evaluate thermal decomposition products. The increased number of observed
peaks compared to the previous two isomers further confirm that additional chemistry besides the
active concerted retro-Diels-Alder reaction under our experimental conditions. Figure 4.10 depicts
the observed peaks across all temperatures for the major (top) and minor (bottom) species observed

with the 10.487 eV line.
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Figure 4.10: Percentage (%) of the total maximum peak signal height as a function of temperature
is shown for significant mass values from 3MCHe spectra (IE= 8.89 £ 0.01 eV [35]). Top: major
species. Bottom: minor species. The presence of dissociative ionization is detected in the 10.487
eV by the presence of m/z 81 at room temperature. PIMS spectra from all three laser intensities
used in this work can be found in the Appendix C4. Ci3 peaks of the fuel (m/z 97) and 1,3-
pentadiene (m/z 69) were left out of the figure for clarity.

3MCHe and Main & Dissociative lonization Products (Masses 96, 81, 68, and 28): As
previously discussed, peaks m/z 96 and m/z 81 correspond to the parent peak of 3MCHe and a
peak caused by dissociative ionization respectively. However, the experiments may now be

clouded by the fact that methyl-fission to produce m/z 81 is a potential decomposition product of
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3MCHe. At 1100 K, peaks at m/z 68 and m/z 28 begin growing together, suggesting the concerted
retro-Diels-Alder reaction to form 1,3-pentadiene and ethylene becomes active at this temperature.
(As with 1IMCHe, the high IE of ethylene allows it to only be detected using the 9th harmonic of
the Yi-Fi laser, the figures for which can be found in the Appendix C4). At 1400 K, additional
peaks begin to grow in as 1,3-pentadiene begins to decompose. We will separate our experimental
product discussions into two parts; first, we discuss the decomposition of the retro-Diels-Alder
product 1,3-pentadiene, which is expected to be the first active pyrolysis route followed by the

discussion of 2-cyclohexenyl radical decomposition formed via the methyl bond fission.

Products of 1,3-Pentadiene Decomposition (Masses 78, 66, 65, 52, 40, and 39): The
decomposition of 1,3-pentadiene, formed via the retro-Diels-Alder route, results in the growth of
many distinct peaks. The first possible reactions we discuss are bond fissions of 1,3-pentadiene,
which are listed as Rxns 1-3. Using the ALFABET bond dissociation energy prediction tool [48]
developed at the National Renewable Energy Laboratory a quick determination of which bond
fission reactions are likely active can be made. Rxn. 1 has the lowest bond fission energy predicted
at 81.8 kcal/mol. The predicted bond dissociation energies of Rxns 2 and 3 are substantially higher
at 102.4 and 115.2 kcal/mol, respectively. Thus, we conclude that Rxn. 1 is likely the dominant
bond fission route for 1,3-pentadiene, and the other bond fissions are not contributing to the

observed products.

CH,=CH-CH=CH-CH3; — H + CH,=CH-CH=CH-CH;" (Rxn. 1)
CH2=CH-CH=CH-CH3 — CH3s + CH,=CH-CH=CH" (Rxn. 2)
CH,=CH-CH=CH-CH3 — C;H3 + "CH=CH-CHjs (Rxn. 3)
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In Rxn. 1 the C-H bond on the terminal methyl group breaks and produces H + a C5H7
radical (m/z 67). The resultant 1,3-pentadienyl radical readily cyclizes to form a cyclopentenyl
radical (m/z 67) via Rxn 4 and subsequently loses an H-atom via b-scission to form
cyclopentadiene (m/z 66) via Rxn 5. This stable cyclic species is observed in our experimental
spectra, as is the product of another subsequent H-atom loss (Rxn 6), the cyclopentadienyl radical
(m/z 65). Given its resonance stabilization, it is reasonable to assume that this radical (m/z 65) is
stable enough for detection under our high dilution conditions and lends credence to the
assignment of cyclopentadiene to m/z 66. A theoretical study by Bacskay and Mackie [49] shows
both cyclopentadiene and cyclopentadienyl radicals can decompose to form acetylene (m/z 26)
and either propyne (m/z 40) via Rxn 7, allene (m/z 40) via Rxn 8, or propargyl (m/z 39) via Rxn
9. (Acetylene (m/z 26) is not detectible in our experimental setup due to its high ionization energy

(IE=11.40060.0003 [50])).

CH2=CH-CH=CH-CH_;" — cy(-CH2-CH"-CH=CH-CH>-) (Rxn. 4)
cy(-CH2-CH™-CH=CH-CH>-) — H + cy((-CH=CH-CH=CH-CH>-) (m/z 66) (Rxn.5)

cy(-CH=CH-CH=CH-CH3-) — H + cy((-CH=CH-CH=CH-CH"-) (m/z 65) (Rxn. 6)

cy((-CH=CH-CH=CH-CH>-) — CH=CH + CH=C-CHs (m/z 40) (Rxn. 7)
cy((-CH=CH-CH=CH-CH»-) — CH=CH + CH>=C=CH> (m/z 40) (Rxn. 8)
cy((-CH=CH-CH=CH-CH"-) - CH=CH + HC=C-CHx* (m/z 39) (Rxn. 9)

An additional route to form many of the observed species is via the isomerization of 1,3-

pentadiene to 1,2-pentadiene via a carbene intermediate via Rxn 10, which is a mechanism similar
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to the isomerization of 1,3-butadiene to 1,2-butadiene discussed in 1IMCHe. Once formed, 1,2-
pentadiene could scission off the terminal methyl group via Rxn 11, forming CH2=C=CH-CH-
which could b-scission another H-atom to form butatriene (m/z 52). Alternatively, 1,2-pentadiene
could break the other C-C bond-forming propargyl radical directly (m/z 39) via Rxn 12 and ethyl
radical (m/z 29), which readily loses an H-atom to form ethylene (m/z 28). Both the isomerization

and bond fission routes were active in a shock tube study of 1,2-pentadiene by Herzler et al. [51].

CH,=CH-CH=CH-CH3 —> CH,=C=CH-CH,-CHjs (Rxn. 10)
CH,=C=CH-CH,-CHsz —> CHjz + CH2=C=CH-CH," (Rxn. 11)
CH2=C=CH-CH,-CHz — CH=C=CH" + "CH,-CHjs (Rxn. 12)

The complex chemistry of 1,3-pentadiene and the possible isomerizations and
decompositions of the molecule and its subsequent products make it difficult to discern which
reactions in the Rxn 1-12 mechanism dominate without conducting a detailed study on 1,3-
pentadiene itself. What is clear is the role of the retro-Diels-Alder reaction, from which m/z 68,
66, 65, 40, 39, and 28 must originate. Observation of these masses supports the theoretical rate
constant calculations showing the retro-Diels-Alder reaction is the first active pyrolysis reaction
as the temperature is increased. Furthermore, these decomposition paths, like with 1IMCHe and
4MCHe, produce propargyl (m/z 39) which can polymerize to 1,5-hexadiyne (m/z 78). This linear
m/z 78 structure can further isomerize eventually to a critical soot precursor, benzene. The
similarity of all three MCHe isomers producing m/z 78 via propargyl makes this route unlikely to

explain the enhanced sooting tendency of 3MCHe. Considering all these possible decomposition
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pathways of 1,3-pentadiene, the retro-Diels-Alder reaction can explain all observed masses except

m/z 54, 79, 80, and 81.

Products of Cyclohexenyl Radical (Masses 81, 80, 79, and 78): As theory revealed, the
second-lowest reaction barrier for SMCHe is the fission of the C-C bond to cleave off the methyl
group (m/z 15) leaving a 2-cylcohexenyl radical (m/z 81). While this was mentioned as important
in the work by Kim et al. [12], they did not go into detail about its decomposition since the H-atom
abstraction chemistry dominated under their experimental conditions. For pyrolysis conditions this
route becomes highly important; thus, this radical was studied in-depth here. Figure 4.11 shows
the branching ratios of the decomposition of the product 2-cyclohexenyl radical, the corresponding

PES can be found in Appendix C4.
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Figure 4.11: Branching ratio for calculated rates of 2-cyclohexenyl radical unimolecular
decomposition at P=0.1 atm with He as the collider.

The lowest energy b-scission route of the 2-cyclohexenyl radical is to form 1,3-

cyclohexadiene (m/z 80) + H, which is the dominant reaction pathway having above a 60%
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branching ratio between T = 500 — 1500 K at P = 0.1 atm according to our rate constant
calculations. An additional H-loss would form a resonantly stabilized radical (m/z 79), which will
quickly b-scission off another H-atom to form benzene (m/z 78). M/z 80, 79, and 78 are all
experimentally observed, strengthening the argument that this is the preferred mechanism for 2-
cyclohexenyl radical to decompose and that the methyl-fission from 3MCHe is indeed active, as
theory suggests. This provides a dominant and direct pathway to benzene formation for 3MCHe
pyrolysis not easily accessible for the other two isomers under our experimental conditions. Thus,
as theory indicates, the two lowest energy pathways for 3MCHe can explain all observed products
(except for m/z 54) in the PIMS experiments and suggest both are soot precursor-producing
pathways, with a faster, more direct link to benzene (m/z 78) via the methyl fission reaction from
3MCHe.

Remaining masses (m/z 54): M/z 54 is a minor product, reaching only a maximum of 5% max
signal peak height. The production of this mass could not be explained via the retro-Diels-Alder
reaction or the methyl bond fission route. Since the theoretical work shows these are the only two
active pathways, we believe m/z 54 is not a primary product of 3MCHe decomposition. There are
a few possible explanations for the origin of m/z 54. The 3MCHe fuel sample used in the
experiments had the lowest purity of 93% with impurities of uncertain types. One plausible
explanation for m/z 54 is that cyclohexene (m/z 82) is an impurity in the sample. The dominant
pyrolysis pathway of cyclohexene is to form ethylene (m/z 28) and butadiene (m/z 54) which are
both observed masses [52]. Evidence of mass m/z 82 is clouded because of the broad peak between
m/z 82-85 which is an artifact of dissociative ionization. Additionally, it is possible wall catalyzed
reactions are playing a role in the formation of m/z 54 but this hypothesis cannot be tested at this

point. While there may be other possible explanations for m/z 54 ultimately its origin is unclear,
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but we can conclusively determine from the theory that is not a primary product of 3MCHe

pyrolysis.

4.4 Implications on the sooting tendency of the methylcyclohexene
isomers

In our experiments, reactant concentrations were kept low (0.01%) in an inert bath gas to
reduce any bimolecular chemistry. This is in contrast to previous work on MCHe isomers [12]
[21], where the higher fuel concentrations indeed resulted in soot production but also resulted in
obscuring precisely which unimolecular elementary reactions result in soot precursor species.
Identification of these pathways informs the origins of soot formation based on structure, a direct
contrast to estimation tools that are trained based on structure-property relationships. Figure 4.12
outlines the key reactions of each isomer that lead to the production of known soot precursors:

propargyl radical, cyclopentadienyl, and benzene.
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Figure 4.12: Summary and comparison of the main soot precursors producing pathways for each
isomer of methylcyclohexene.Species fall into color-coded bins corresponding to the wall
temperature at which they are formed: blue: Twan < 800 K, yellow: 800 K < Twan < 1100 K, red:
Twan > 1100 K. As discussed, the centerline gas temperature is ~100 K lower than the measured
wall temperature of the reactor [26].

Under dilute reaction conditions where unimolecular decomposition dominates, the barrier
to the concerted retro-Diels-Alder reactions was consistently the lowest energy pathway to
reaction, breaking apart the ring rather than further unsaturation of the ring. For 1IMCHe and
4MCHe, the retro-Diels-Alder pathways were the dominant pathways active under our dilute, low-
pressure reactor conditions. Therefore, the ability to form soot precursors is limited. Both isomers
have routes to form a substantial amount of propargyl radical,0 which can undergo a recombination
reaction to form a linear C6H6 species that has the ability to isomerize eventually to an important
soot precursor, benzene, but the path to form benzene is less direct than via the reactions of

3MCHe.
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Due to the location of its double bond, 3MCHe has a much smaller difference between the
energy barrier of the concerted retro-Diels-Alder reaction and the lowest bond fission to form
methyl + 2-cyclohexenyl (~10.3 kcal/mol). This allows the bond fission route to become the
dominant reaction above 700 K which in turn can produce unsaturated aromatic rings such as 1,3-
cyclohexadiene, and benzene directly. Additionally, both propargyl and cyclopentadienyl are
formed via the decomposition of 1,3-pentadiene, further increasing the variation and quantity of
soot precursors formed during 3MCHe pyrolysis. These findings help to explain the higher YSI

value and direct correlation to the molecular structure of this isomer.

4.5 Conclusions

Structural implications on sooting tendency were examined using 1-, 3-, and 4-
methylcyclohexene isomers. Breakdown mechanisms for all three isomers were explored using
PIMS experiments evaluating products of pyrolysis in a microreactor, in conjunction with
computed potential energy surfaces produced bond dissociation energy calculations. The
significantly higher sooting tendency of 3MCHe was attributed to the prevalence of forming
known sooting precursors including propargyl, 1,3-cyclohexadiene, cyclopentadiene, and benzene
quickly, while LMCHe and 4MCHe were only able to form propargyl radical. For LMCHe and
4MCHe, smaller quantities of C6H6 were observed and were likely due to propargyl
recombination at higher temperatures. This highlights the subtle impact of the double bond
placement of otherwise identical structures. Importantly, for SMCHe, the placement of the double
bond allows for a resonantly stabilized radical to form via methyl loss. This resonance stabilization
of the 2-cyclohexenyl radical highlights the energetic favorability of the loss of the methyl group

and subsequent further unsaturation of the ring in comparison to the other isomers where C-C bond
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dissociation energies are at least 15.1 kcal/mol stronger. This opens additional channels for direct
unsaturated ring formation in 3MCHe that are not competitive in the IMCHe and 4MCHe isomers.
This observation is in complement to the density functional theory work from Kim et al. [12], in
which the authors conclude that the stability of the radicals in pathways towards linear, non-sooting
products is much greater in 1IMCHe and 4MCHe than in 3MCHe, while the opposite is true for
pathways which retain or re-form the cyclic structure of the isomers. Both pyrolysis and abstraction
chemistry play an important role in the full understanding of YSI predictions. Thus, the findings
presented in this work can help better inform yield sooting index estimations of varied structures
and be incorporated into prediction tools for yield sooting index to improve intrinsic sooting
estimations.

This work has been adapted for journal publication with the tentative title,” Evaluating the
Sooting Tendency Differences of Methylcyclohexene Isomers Using Microreactor Experiments

and Computational Chemistry in Tandem’.
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Chapter 5:  Probing the pyrolysis of
Polyoxymethylene Ethers (POM-E)

5.1 Polyoxymethylene Ethers (POM-E) as diesel fuel additives

The constraints of electric mobility are exacerbated in the case of freight transportation.
Range limitations and reduced infrastructure render most long-distance ground shipping routes
(>250 miles) unviable for electrification. A large fraction of existing ground-based freight
transportation is powered by diesel engines. These Internal Combustion Engines (ICE) provide
high efficiency and low operating costs, making them suitable for large-volume freight movement.
However, the typical exhaust gas emissions from the combustion of conventional diesel fuel make
further development inevitable if future air quality regulations are to be met. Various eco-friendly
fuels have been suggested as replacements for traditional diesel in the internal combustion engine,
including gaseous fuels, such as natural gas (compressed and liquefied natural gas, or CNG and
LNG, respectively), hydrogen, and propane; liquid fuels, such as biodiesel, alcohols such as
ethanol, butanol, and methanol; and ethers, such as methyl tertiary butyl ether (MTBE), dimethyl
ether (DME). The alternative fuel and fuel additives are termed Electrofuels (E-fuels).

Dibutyl ether (DBE) and oxymethylene ethers (OME) are among the many oxygen-
containing fuel and additive candidates. Polyoxymethylene dimethyl ethers (POM-DME, also
called oxymethylene ethers or OME) provide almost soot-free combustion. Their wide-scale usage
might eliminate diesel engine constraints by reducing emissions and improving efficiency. OMEs
possess very high ignitability and an advantageous molecule structure[1]. POM-DME can be
synthesized at a large scale from methanol, which can be produced by biomass gasification and

subsequent syngas conversion[2].
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Most OME combustion investigations in the literature discuss dimethoxymethane (DMM)
or mixtures of conventional fuel and DMM. The general chemical structure (H3C-O-(CH2-O) -
CH3) for these molecules includes a large amount of molecular oxygen, ranging from 42 wt% for
DMM to nearly 50 wt% for longer chain OMEs. The high oxygen content and the absence of
multiple carbon-to-carbon bonds lead to practically soot-free combustion, demonstrated in various

studies. In the early '90s, Dodge and Naegeli [3] tested DMM-fossil fuel blends in an unmodified

diesel engine and reported a substantial soot reduction with increasing DMM content in the fuel.
Svensson et al. [4] investigated pure DMM in a high-pressure optical chamber, reporting that soot
could not be detected within the detection limit of the optical setup. Hértl et al. [11] compared a
variety of oxygenates, including dimethoxymethane finding it to have the highest soot reduction
potential among all investigated fuels. Recently, Omari et al. [5] investigated the soot reduction
potential of DMM-Diesel blends, reporting a particulate matter mass reduction of more than 80%,
already with a 35% volumetric dimethoxymethane share in diesel fuel. In a further work by Deutz
et al. [6], the authors investigated a DMM-Diesel fuel blend with 35 vol%. DMM in a single-
cylinder engine via a global design of experiments approach.

While extensive studies have considered the production [7], [8], and fuel properties [9],
[10] of long-chain POM-DMEs, investigations of their combustion are relatively rare. Hartl et al.
[11] investigated pure longer-chain POM-Es in a heavy-duty single-cylinder diesel engine
reporting soot-free combustion similar to DMM. Wang et al. [12] studied the potential of OME3-
4 (H3C-0O-(CH2-0) n-CHs where n = 3,4,5) in a homogeneous charge compression ignition engine
achieving ultra-low NOx emissions (<10ppm) at soot-free combustion. Nevertheless,

investigations addressing pure long-chain OMEs in a blend with diesel are not available yet.
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However, the blending approach is of high interest for the initial stages of phasing out fossil fuel.
In a blend with high sooting fossil fuels, the mentioned improvements in fuel properties of long-

chain OMEs might reduce the soot reduction potential compared to short-chain OMEs.

5.2 Research into the pyrolysis and oxidation of Polyoxymethylene Ether
(POM-E) with diesel

Along with engine test experiments exploring emission characteristics of diesel engines using
different POM-Es, several research efforts have been undertaken to understand the chemical
kinetics involved during pyrolysis and combustion of POM-E molecules[13]-[16]. In 2001, Daly
et al. [17] proposed the first detailed kinetic mechanism (511 reactions, 75 species) for the
oxidation of dimethoxymethane (DMM), the smallest in the family of POM-Es. This mechanism
was primarily based on analogy to corresponding reactions of molecules such as dimethyl ether
(DME), diethyl ether (DEE), ethane (C2He), and propane (CsHg). The proposed mechanism
matched the species concentration profiles obtained from jet-stirred reactor experiments in the
temperature range of 1000-1200K. However, the model significantly underpredicted the rate of
DMM consumption at temperatures below 1000 K. Daly et al. [17] hypothesized that at low
temperatures, DMM consumption must be taking place via a surface-catalyzed molecular pathway
having low activation energy to form formaldehyde (CH20), DME, methanol (CHsOH) and
acetaldehyde (HsCHCO).

Daly's mechanism was further updated by Dias et al. [18] in 2010 by incorporating OH
abstraction reactions to account for the missing low-temperature combustion chemistry. Dias's
mechanism served as the basis for a more detailed kinetic modeling study on DMM combustion
performed by Marrodan et al.[19], [20], Alexandrino et al. [21] and Sun et al [22]. It is to be noted

that these studies are primarily based on mechanisms having rate constants estimated using
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analogy to similar molecules rather than theoretically calculated. The first attempt at calculating
rate constants using methods based on first principles was performed by Vermeire et al. [23] in
2018. The author performed quantum mechanical (QM) calculations using CBS-QB3 level of
theory to predict potential energy surfaces (PES) for important reactions involving peroxy species
(R—0O—O0) relevant to low-temperature oxidation of DMM. Unlike earlier studies, Vermeire et al.
[23] comprehensively validated the proposed mechanism by comparing numerical simulations
against various experimental data sets across different conditions and using different reactor types.
Although the mechanism was able to predict could predict species concentration trends of all
experimental datasets, demonstrating the strength of these first principle calculations, it highly
overpredicted the mole fractions of hydrocarbons such as methane, ethane, and ethylene formed
during DMM oxidation. In 2018, another study based on first-principle calculations was performed
by Kopp et al.[24]. In this study, the authors performed highly accurate QM calculations using
CCSD(T)/cc-pV(D+T) Z level of theory to explore the PESs of two important DMM radicals
involved in pyrolysis and the high-temperature combustion, CH,OCH,OCHs; (R1) and
CH3OCHOCH;3 (R3). It was observed that the QM calculated rate constants vary in the range of
one to two orders of magnitude relative to the values in the mechanism previously proposed by
Daly et al.[17] and Dias et al.[18]. The difference is most significant for reactions involving the
R3 radical indicates the unique behavior of the methylenedioxy group (O—CH,-O) in POM-E
molecules. Furthermore, it was observed that in contrast to previous studies, quantum mechanical
calculations suggest that radical R3 is always favored to form during hydrogen atom abstraction
from DMM by H and CH3 radicals. This presents a clear discrepancy between the previous
mechanisms compared to the more accurate quantum mechanical simulations. While the

previously proposed mechanisms suggest that the reaction pathway forming CH,O and DME
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radical is dominant, QM calculations show that the route forming CHs radical and methyl formate
(CH3000CH) is more favorable. Another ab-initio evaluation using the CCSD(T)/pV-TZ level of
theory was published by Golka et al. [25],[26] in 2021. Here the authors' calculated rate constants
for two important initiation steps involved during the pyrolysis of DMM:

R1. DMM «> CH3 + OCH20CH3

R2. DMM < CH30 + CH20CH3.

Based on QM calculations, Golka et al. [25], [26] concluded that during the initial phase of
DMM pyrolysis, R2 is the dominant pathway with a branching ratio of 0.98 across the temperature
and pressure range of 1100-1600 K and 0.4-4.7 bar respectively. This is in sharp contrast to the
previous conclusion by Vermeire et al.[23], Marrodan et al. [19], [20] and Sun et al.

Multiple engine test experiments [1-3] have been performed using different POM-E molecules
(n=1-6) to understand their emission characteristics as a diesel fuel additive. However, a gap exists
in the literature where a comprehensive analysis of the chemical kinetics involved in the process
is yet to be presented. These studies would be essential to elucidate emission formation
mechanisms and the effect of the (-CH2-O-) moiety. Existing chemical kinetic analyses have
mostly emphasized DMM's performance, which is not considered among the optimal diesel fuel
additives. The use of dimethoxymethane as a diesel additive is complicated by its lower cetane
number and high vapor pressure, which can lead to issues with engine integration. The primary
reason for the extensive evaluation of DMM is its short-chain structure. This makes it
computationally cheaper and chemically easier to evaluate as a representative POM-E molecule.
Despite this exhaustive evaluation of the kinetics of DMM pyrolysis and oxidation, a
comprehensive mechanism based purely on theoretical calculations still does not exist. Thus, it is

evident that additional studies are required to unravel the complex chemical kinetics involved
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during the pyrolysis of DMM and different POM-E molecules containing more than one
oxymethylene unit (-CH,-O-).

Another challenge to working with these molecules is synthesizing large volumes of pure long-
chain OMEs. The cost and time associated with building scalable production methods for each
candidate OME can be offset by first identifying the best candidate for blending with diesel at the
molecular level. This chapter details micro-reactor experiments with laser diagnostics are used in
conjunction with computational modeling to identify the fundamental decomposition routes for
these molecules. Reaction rates are calculated through computational modeling and experimental
data evaluation to pinpoint the most likely products of thermal decomposition. By identifying the
potential products of pyrolysis, it is possible to develop chemical kinetic mechanisms to link the
effects of varying the end group or the number of (CH2-O), to global observables. These
mechanisms can narrow down the list of potential OMEs used as additives and identify the
optimum percentage of OMEs in blends with diesel fuel. [22]. In addition to DMM, this work aims
to develop a detailed reaction mechanism for longer chain-length POM-Es. Unlike engine tests
performed extensively to understand emission characteristics of different long-chain POM-E
molecules, very few studies have been done so far to understand the kinetics involved during

pyrolysis or combustion of POM-E molecules other than DMM.

5.3 Chemical kinetic investigation of chain length effects of
polyoxymethylene ethers (POM-E) during pyrolysis

The following section presents results from Photoionization Mass Spectrometry (PIMS)
experiments and quantum mechanical calculations modeling the thermal decomposition of three

POM-E molecules: dimethoxymethane (CH3-O-CH2-O-CH3, POM-E1), 2,4,6 trioxaheptane (CHs-
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0-CH2-O-CH2-O-CH3, POM-E2) and 2,4,6,8 tetraoxanonane (CHs-O-CH2-O-CH,-O-CH,-O-
CHs, POM-E3). While the experiments provided important information regarding intermediates
formed during decomposition, QM calculations provided a detailed representation of the pathways
involved in forming these intermediates and allowed us to develop. Based on master equation
analysis using Argonne National Laboratory's code MESS, dominant reaction pathways involved
in the early phase of decomposition are also identified in this study. QM calculations match well
with the experimentally observed [26] decomposition characteristics of the three POM-E
molecules studied in this work. Based on both experiments and theoretical calculations, this study
is intended to provide a detailed insight into the chemical kinetics involved during the early phase
decomposition of the three distinct POM-E molecules. Furthermore, this work elucidates the effect

of chain length on the kinetics as the number of oxymethylene units increases from 1 to 3.

5.3.1 Experimental methods

Pyrolysis experiments, used to confirm initial decomposition pathways, were performed in
a micro-reactor in tandem with photoionization mass spectrometry (PIMS) for mass detection.
Details of the experimental setup and process have been described in Chapter 2. In summary, Poly
Oxymethylene Ethers are studied by entraining a dilute sample of the molecule in helium. This
sample mixture is flowed continuously through the reactor at 200 SCCM using an MKS
4B013202RB70 Mass Flow Controller. The following molecules were analyzed -
dimethoxymethane (Sigma Aldrich >99% purity), 2,4,6 Trioxaheptane (Asta Tech Chemicals
>99% purity), and 2,4,6,8 Tetraoxanonane (synthesized at CSU >95% purity). Each of these
molecules’ vapor pressure is large enough to prepare static sample volumes of between 0.025%

and 0.1% reactant in standard lecture bottles.
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The micro-reactor assembly consists of a tubular silicon carbide reactor of 30 mm in length
with a 1 mm inner diameter. The reactor material is chosen for its ability to withstand very high
temperatures and thermal cycling while remaining inert and not participating in any of the
pyrolysis reactions. The reactor is resistively heated to 1800K through Carbon discs fitted to the
reactor's outer diameter. These discs are approximately 15 mm apart and form the contact points
for the electrical circuit used to heat the reactor resistively. The temperature at the exterior surface
of the reactor is monitored by a TIM Microtek thermal camera between the two heating points
(details of the camera and the measurement process are provided in Chapter 2). The residence time

is roughly 100 ps enabling the identification of the first decomposition products.

The flow properties in the reactor were modeled using CFD by Guan et al. [27]. The temperature
was calculated to reach within 100 K of the measured wall temperature by 1/3 of the reactor
length. This temperature profile and the falling pressure profile affect the product distribution as
the reaction rates are temperature and pressure-dependent. A low Peclet number of the flow results
in any wall reactions being constrained to the thin layer of fluid directly adjacent to the walls and
not affecting the bulk of the flow.

In the PIMS experiment, gases flow continuously through the reactor, with the products
exiting the reactor entering a 0.2 mm diameter molecular beam skimmer. The resulting beam is
intersected and ionized by the 9th harmonic of an Nd:YAG laser (118.2 nm or 10.487 eV). The
laser is aligned with the flow entering an ionization chamber maintained at 5 X 10-7 torr by a 1200
L/s Pfieffer TPU 1201 P turbomolecular pump. The internal frequency tripled the output of an Nd:
YAG laser is directed into a cell that is pressurized to 150 Torr with a 10:1 argon: xenon mixture.
This mixture is optimized to promote sum-frequency generation that creates 118.2 nm VUV

photons, which have sufficient energy to ionize most hydrocarbon molecules. The generation of
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118.2nm photons by Xe/Ar tripling cells has been studied at great length. We expect the use of 30
mJ pulse per pulse power at 355 nm from the YAG laser and the established tripling efficiency of
1x10-5 in pure Xenon and the transmission efficiency of the MgF2 lens to produce roughly 30 nJ
per pulse at 118.2 nm light. Post ionization, the molecules in the expansion are accelerated into a
Jordan reflectron time of flight spectrometer with a Micro Channel Plate (MCP) detector producing
voltage signals which are converted to digital traces in an interfacing computer. This data is

converted into a spectra format and is analyzed for the decomposition products.

5.3.2 Computational modeling methods

In this evaluation, quantum mechanical (QM) calculations are performed to identify
relevant species and unimolecular reaction pathways during the initial pyrolysis phase of the three
POM-E molecules studied in this section. Details of the computational method are presented in
Chapter 3, and a brief sequence of operations is shown here. Using the commercially available
KinBot [28] code, automated scanning of potential energy surface (PES) at B3LYP/6-311++(d,p)
level of theory is performed to identify important reactions that occur during the initial phase of
pyrolysis. 1-D hindered rotor scans are then performed for all the associated species to identify the
lower energy conformer and the barrier involved in internal rotation for all stationary points
involved in the reactions of interest. Finally, single-point energy calculations performed at the
CCSD(T)/cc-pV(D+T)Z level of theory, are utilized to obtain high accuracy energies Finally the
master equation is solved using Argonne National Laboratory's (ANL) Master Equation System
Solver (MESS) to calculate pressure and temperature-dependent rate constants of the reaction

pathways involved during pyrolysis.
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5.3.3 Experimental results

5.3.3.1 Dimethoxymethane (DMM/M-1-M)

The experimental results from the decomposition of the POM-E molecules in the heated micro-
reactor experiments are presented first, followed by the electronic structure calculations. Figure
5.1 shows PIMS Spectra for 0.1% dimethoxymethane in He at four temperatures, labeled on the
right. Two peaks are observed at room temperature when ionized by the light source at 10.47 eV.
All three POM-E molecules chosen in this experimental study show strong dissociative ionization.
The presence of an easily ionizable lone pair of electrons on the multiple oxygen atoms results in
a direct elimination of hydrogen in the form of a radical from the parent molecule. This manifests
in a large peak at m/z 75 corresponding to CH:OCH>OCH.+ and the associated Carbon 13 peak at
m/z 76. At 900K, an additional peak at m/z 45 (methyl methoxy radical CH3OCH.+) appears. This
is due to breaking the weak oxygen-carbon bond-forming methoxy radical (m/z 31 with 1.E 10.704
eV[31]) and the fragment at m/z 45. Since the methoxy radical's ionization energy is beyond the
laser's capability, it is not observed. However, the formation of methyl methoxy radical indicates
its presence indirectly. As the temperature is raised further, the parent peak reduces in signal
intensity, indicating a complete breakdown within the reactor into multiple fragments. Due to the
laser's conditions, most of these fragments undergo decomposition to formaldehyde (m/z 30, IE =
10.880eV[31]) and methyl radical through multiple intermediate radical forms. The laser energy
at 10.487eV places a lot of these radical fragments outside the ionizability envelope, resulting in
only the methyl peak (IE) being seen at temperatures greater than 1300K and growing in intensity

as the temperature is raised. A comprehensive analysis carried out at a tunable synchrotron light

103



source, which eliminates the challenge of dissociative ionization and can access products beyond
the capability of the tabletop Nd:YAg laser agrees with these results.

A set of concentration trials was carried out to confirm that none of the products observed
(or pathways were being suppressed) due to bimolecular reactions. This involved assessing spectra
from evaluations carried out at 0.15% dimethoxymethane as a high concentration limit, followed
by trials at 0.1%, 0.05%, and 0.025%. All four evaluations confirmed that none of the observed
peaks were due to bimolecular reaction, with peaks across concentrations being identical in mass

over charge and varying only in signal intensity.

0.10% Dimethoxymethane/He m/z 76
IE (CH3;0CH,OCH,) = 10.20 eV; 200 SCCM
(1]
=
= 15(CHy)
% | 1700K
®
g 75 (CH;0CH,0=CH,)
= 1500K
£ |
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o
°
45(CH3;0CH,0) 1400K
900K
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I I | I l |
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Figure 5.1: PIMS of 0.1% Dimethoxymethane in He in the micro-reactor at 200 SCCM heated
from 300 to 1700 K and ionized by 118.2 nm (10.487 eV) photons

5.3.3.2 2,4,6 Trioxanonane (M-2-M)

The next member of the methyl end group POM-E evaluated was 2,4,6 Trioxanonane
(POM-E2) - this molecule differs from dimethoxymethane in having an additional O-CH2 group

in the chain. A sample at 99% purity was obtained from Asta Tech for this evaluation and Figure
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5.2 shows PIMS spectra for 0.1% of the molecule in a Helium carrier gas. At room temperature, a
weak parent peak is observed at m/z 105 (the result of the removal of hydrogen through oxygen
lone pair ionization) due to a strong dissociative ionization effect. Laser intensity coupled with
additional oxygen in the second methoxy group results in intense dissociative ionization at room
temperature, with peaks at m/z 77 (formy| radical elimination), m/z 76 (formaldehyde elimination),
m/z 75(secondary C-O bond fission), m/z 74 (methanol elimination). These dissociative ionization
peaks persist till 1500K, with intensity decreasing with increasing temperature. At 900K, the first
pyrolytic decomposition product is observed at m/z 45 (CH3OCH. *) and 61 (CH3sOCH>0*). With
a further increase in temperature, the fragment peaks persist with a progressive reduction in parent
peak intensity. At 1300K, the first sign of methyl peak (m/z 15) is observed - with peak height
growing with increasing temperature, consistent with observations made with dimethoxymethane.
By 1500K, all other pyrolytic fragmentation peaks disappear, with only the methyl peak and weak
fragmentation peaks at m/z 74 and m/z 75. This indicates the strong tendency of the molecule at
elevated temperatures to fragment in the short residence time of the reactor to form methyl radical
and formaldehyde (m/z 30, IE 10.88 eV[31]). At temperatures beyond 1500K, the parent peak at

m/z 105 disappears, and only the methyl peak at m/z 15 endures.
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Figure 5.2: PIMS of 0.1% 2,4,6 Trioxanonane in He in the micro-reactor at 200 SCCM heated
from 300 to 1700 K and ionized by 118.2 nm (10.487 eV) photons

5.3.3.3 2,4,6,8 Tetraoxanonane (M-3-M)

The third compound evaluated using the photoionization mass spectrometry setup was
2,4,6,8 Tetraoxanonane [M-3-M], containing two O-CH2 groups more than dimethoxymethane
and weighing 136 g/mol. The sample evaluated was synthesized at CSU to a purity of >96%.
Figure 5.3 shows PIMS spectra for 0.1% of the molecule in helium. Like the previous two
molecules evaluated, M-3-M also undergoes a very high degree of dissociative ionization. The
photon energy of 10.487eV is strong enough to completely break down the parent peak at room

temperature into multiple fragments, with a minimal parent peak at m/z 136. Major peaks are

106



observed at m/z 107, m/z 106, m/z 105, and m/z 104, with the peak at m/z 105 being the strongest
in relative intensity. These peaks correspond to the elimination of methoxy (CH30), formaldehyde
(CH20), and methanol (CHsOH) from the parent molecule. The peak at m/z 91 is
CH30OCH,OCH.0*, with the other fragment at m/z 45 (CHsOCH2). Unlike the other two
compounds, where the bond cleavage between the oxygen and carbon atoms is driven through
thermal cracking, in this case, bond breakage is achieved through photon impact. A set of peaks is
observed at m/z 74, m/z75 (CH3OCH2OCH), m/z 76, and m/z 77 caused by the bond breakage
between the oxygen and carbon at different sites along the molecule. The corresponding fragments
associated with these masses are also seen at m/z 59, m/z60, and m/z 61. The peak at m/z 44 may
be assigned to *C.H4O. These dissociative ionization fragments persist up to 1400K, with most
peaks disappearing beyond this temperature. The appearance of methyl radical (*CHz m/z 15) is
first noted at 1200K. This is lower than the 1300K seen across the previous two molecules and
concentration evaluations. This can be attributed to the longer chain length of the molecule with
relatively weaker bonds binding individual fragments leading them to break down more easily into
methyl and formaldehyde at elevated temperatures. By 1800K, the only peaks visible are at m/z

15, which increases in intensity between the temperature range of 1200K to 1800K.
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Figure 5.3: PIMS of 0.1% 2,4,6,8 Tetraoxanonane in He in the micro-reactor at 200 SCCM
heated from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons

5.3.4 Computational Results

Various initiation reactions involved in the pyrolysis of POM-E1-3 molecules are studied
using QM calculations. Initiation steps include C-H and C-O bond fission routes as well as
molecular routes forming CH2O via transition state (TS) structure. The details of the reactions
studied are shown in Table 5.1. Based on the barrier of bond fission routes calculated using
CCSD(T)/cc-pV(D+T)Z level of theory, bond dissociation energies (BDESs) of C-H and C-O bonds
involved in POM-E1-3 molecules and the effect of chain length on BDEs as the number of
oxymethylene units (-CH2-O-) increases from one to three. This section gives us a sense of what

abstractions will play a bigger role and what unimolecular bond fissions may be competitive. After
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we explain the effect of increasing POM-E chain length on the strength of chemical bonds, we
discuss the chemical kinetics involved during the initial phase of pyrolysis of POM-E1-3
molecules. In this section, we discuss dominant initiation pathways based on the rate constants
calculated using ANL's code MESS and elucidate the change in reactivity as the number of CH.O

moiety increases in POM-E molecules.

5.3.4.1 Bond dissociation energy (BDE)

Using CCSD(T)/cc-pV(D+T) Z level of theory, bond dissociation energies (BDESs) are
calculated for three different POM-Es studied in this work, the details of which are provided in
Figure 5.4. As can be observed from this figure, the BDEs for C-H bonds are much higher than
that of C-O bonds for all POM-Es. For DMM containing only one oxymethylene unit, BDEs for
C-H bonds are ~96 kcal/mol for both terminal and central carbon belonging to CH3:0 and CH20
moieties in the molecule, respectively. However, for C-O bonds, there exist significant differences
in BDEs for the terminal (~81.4 kcal/mol) and central carbon (87.9 kcal/mol), which is ~6.5
kcal/mol stronger than the other. A similar conclusion was made by Kopp et al. [24] and Golka et

al. [25], [26]by performing CCSD(T) calculations.

From Figure 5.5, which shows the comparison of BDEs for POM-E, ,, it can be observed that

1-3
as the number of oxymethylene units increases by one, BDE for C-H bond in the CH20 moiety
(or secondary carbon) tends to increase by ~1-2 kcal/mol, although there is no significant change
in BDE for C-H bond in CH3O moiety (or terminal carbon) of the molecule (~96 kcal/mol).
Therefore, POM-E molecules have the strongest C-H bond belonging to CH>O moiety rather than

the terminal carbon. It is to be noted that the above-mentioned trend in POM-E molecules contrasts

with that of conventional hydrocarbon fuels, where primary or terminal C-H bonds are stronger
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than that of secondary or tertiary. This can be explained in terms of electron delocalization due to
the presence of multiple oxygen atoms in POM-E molecules, which imparts extra stability to the

central carbon atom[22].

Like C-H bonds, the C-O bond belonging to CH3O moiety (terminal C-O bond) has the lowest
BDE and all the C-O bonds belonging to CH20 moiety in the POM-E molecule are significantly
stronger than that of the terminal C-O bond (ABDEs ~6 kcal/mol for POM-E1 and ~8 kcal/mol for
POM-E3J). It is also to be noted that for all three POM-Es, differences in BDEs of C-O bonds in
CH.0 moiety is only approximately 1 kcal/mol and the strongest C-O bond in the structure always
belongs to the first CH20 moiety (central C-O bond in DMM) in the molecule. Furthermore, like
BDE trends observed for C-H bonds in POM-Es, BDE of terminal C-O bond remains
approximately the same (~81 kcal/mol) for all three POM-Es and other C-O bonds in the structure,
BDE tends to increase by ~1 kcal/mol with the addition of one oxymethylene unit in the chain.
These results are partially validated by the experimental observations made where the primary
products of decomposition are the elimination of the end methyl group seen at temperatures above
1000K. The decreasing bond strength of these terminal methyl groups is observed with the
progressive reduction in temperature at which the first methyl peaks are observed. Observation of
other dissociation products is not possible due to the fixed energy of the ionization source, which
puts products such as formaldehyde (CH20) and methoxy radical (CH3O*) outside the ionizable

threshold.

From the above discussion, it is evident that the inclusion of additional CH,O units in the
structure makes the strongest C-H and C-O bond in the POM-Es even stronger; however, it does
not change or impact the weakest bond. This indicates that all POM-Es are likely to initiate

decomposition via a similar dominant reaction pathway which is discussed in detail in the next
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section. Moreover, as BDE is closely related to the stability of the radicals formed and high bond
dissociation energies reflect the formation of unstable free radicals, from the above discussion it
can also be concluded that as chain length increases, POM-E molecules will start forming less
stable radicals during pyrolysis which can undergo decomposition at a faster rate to form S-scission
products. Quantum mechanical calculations at the same level of theory regarding radical
decomposition pathways will be discussed in the next sections regarding the chain effects of POM-
E radicals on kinetics. The competition between bond dissociation and abstraction is critical in
the case of blending with diesel fuels. During compression ignition, the creation of fuel-rich
pockets could result in pyrolysis dominating. At other zones, abstraction reactions will be
prevalent. With the experimental results unable to fully elucidate likely reaction pathways, a more
detailed analysis of the competing reaction rates will be required to evaluate POM-E

decomposition. This is presented in the following sections.
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Figure 5.4: BDEs (kcal/mol) for three POM-E molecules
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5.3.4.2 Initiation steps and rate constant comparison

Using KinBot, scanning of potential energy surface (PES) is performed to identify

unimolecular initiation reactions involved during the pyrolysis of three different POM-E, ,

molecules. The details of the reactions are shown in Table 5.1, and a simplified PES for three

POM-Es is shown in Figure 5.6 to Figure 5.8.

Table 5.1 Barriers (kcal/mol) of important unimolecular reactions involved during the initial
phase of pyrolysis of three different POM-E molecules (n=1, 2, 3)
(QM method: CCSD(T)/cc-pV(D+T) Z)

POM-E molecule n No. Reactions ng:fr
CHsOCH20OCHj3 1 R11 H+CHOCHOCHs 96.06
R1.2  H+ CH3O[CH]OCHj3 96.06

R1.3  (CHs+ OCH,OCHs 81.38

R1.4  CH30 + CH,OCHs 87.90

R15 CH20 + CH3OCHs 77.10

CH3OCH20CH20OCH3 2 R21 H+ CH0CH,OCH,OCHs3 96.00
R2.2  H+ CH3OCH,O[CH]OCH; 97.61

R2.3  CHs3+ OCH2OCH,0OCHj3 81.24

R24  CH30 + CH2OCH,0CHs 88.05

R25  CHsOCH2 + OCH20CH:; 86.97

R2.6 CH20 + CH;OCH>OCHj3 65.45

CH3OCH20CH20CH20CH3s 3  R3.1  H+ CH,OCH,OCH,OCH,OCH;  96.24
R3.2  H+ CHsOCH.0[CH]JOCH,OCHs; 98.52

R3.3  CH3+ OCH20OCH,OCH,0CHj 81.28

R34  CH30 + CH,OCH,OCH,0CHj 88.92

R3.5  CH3OCHz + OCH,OCH,0OCH3 87.76

R3.6  CH3OCH.0 + CH,OCH,OCH3 88.06

R3.7 CH20 + CH30OCH20CH20OCH3 79.40

*For bond-fission reactions involved in Pathways 1 and 2, barrier (E)=Eproduct-Ereactant
For reactions involving TS, barrier (E)=Ets-Ereactant
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Figure 5.6: Potential energy surface (PES) of important unimolecular
reactions involved during the initial phase of pyrolysis of
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Figure 5.7: Potential energy surface (PES) of important unimolecular
reactions involved during the initial phase of pyrolysis of
CH30OCH20CH20CH3 (n=2)
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Figure 5.8: Potential energy surface (PES) of important unimolecular
reactions involved during the initial phase of pyrolysis of
CH30CH20CH20CH>0CHj3 (n=3)

From the PES, it is observed that POM-E (n=1, 2, 3) molecules undergo unimolecular

decomposition via three different pathways:

1) Pathway 1 consists of reactions involving C-H bond fission at the terminal and central

methyl groups forming H radical and corresponding POM-E radicals.
2) Pathway 2 involves breaking of C-O bond belonging to CH3O and CH.O moieties along the

chain-forming different radicals such as methyl radical (HsC-), methoxy radical (CH30:),
methoxymethy| radical (CH3OCH:-), CHzOCH20O-, etc.
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3) Pathway 3 involves the formation of formaldehyde (CH20); in the process,
dimethoxymethane (DMM, CHs-O-CH,-O-CHs, n=1) forms dimethyl ether (CH3OCHj3); 2,4,6
trioxaheptane (CH3-O-CH2-O-CH2-O-CHs, n=2) and 2,4,6,8 tetraoxanonane (CHz-O-CH,-O-
CH,-O-CH2-O-CH3, n=3) breaks down to form DMM (n=1) and 2,4,6 trioxaheptane (n=2)

respectively.

Pathway 1 and Pathway 2 are solely comprised of bond fission reactions, and Pathway 3
proceeds via a transition state (TS). Figure 5.9 shows the molecular structure of TS involved in
Pathway 3 for all three POM-E molecules studied in this work. As the figure shows, for POM-E1
and POM-E3, terminal CH3 approaches the atom O of CH>O moiety next to it, and formaldehyde

(CH20) forms in the process. For POM-E,, atom O of terminal CH3zO moiety approaches the CHz

group, and in the process, formaldehyde (CH-O) forms.

While Pathway 1 and Pathway 2 comprise bond fission reactions involving no distinct TS
structure, Pathway 3 proceeds via a transition state (TS). Figure 5.9 shows the molecular structure
of TS involved in Pathway 3 for all three POM-E molecules studied in this work. As can be

observed from the figure, for POM-E, and POM-E,, terminal CHs approaches the atom O of CH-0
moiety nextto it, and in the process, formaldehyde (CH20) forms. For POM-E,, atom O of terminal

CH30 moiety approaches the CH> group, and in the process, formaldehyde (CH-O) forms.
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POM-E,

POM-E,

Figure 5.9: Molecular structures of TS involved in Pathway 3 for all three POM-E molecules
(n=1-3)

Using Argonne National Laboratory's code MESS, the rate constants of the above-mentioned
reaction pathways are calculated over a temperature range of 500-200K at different pressures
(0.00001 to 100 atm). Figure 5.10 shows the rate constant calculated at different temperatures at
pressure, P=10 atm. From Figure 5.10, it can be observed that among the three pathways, Pathway
2 is the most dominant through which POM-E molecules can undergo decomposition in the
temperature range of 500-2000 K. This is even though the energy for CH>O elimination is lower

than the bond fission routes. It is to be noted that predictably based on BDEs discussed in the
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previous section, terminal C-O bond fission reaction forming CHs radical is the most critical

initiation step for all three POM-Es.
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Figure 5.10: Temperature (T) dependent rate constants (k) for reactions involved in Pathway 2
and Pathway 3 at pressure, P =10 atm

A similar conclusion was made by Golka et al. [25],[26] for DMM pyrolysis Figure 5.11 and

Figure 5.12 show the comparison of rate constants and branching ratio (BR) calculated in this
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study for C-O bond fission reactions of DMM with that of existing literature. As can be observed
from these figures, high-pressure rate constants and BRs calculated in this work matches very well
with that of Golka et al. [25],[26] who performed experiments as well as QM calculations using
CCSD(T)/ cc-pV(D+T) Z level of theory to study initiation reactions involved during DMM
pyrolysis. In addition to Golka et al.'s [25], [26] QM calculated rate constants, Figure 5.12 also
shows rate constant and BR from other studies on DMM where rate constants are estimated based

on analogy to similar molecules.

These preliminary rates have been updated with additional routes evaluated, with rate constants
and branching ratios for the decomposition of DMM being plotted at a pressure of 1 atm. These

evaluations have been performed with both argon and nitrogen and are shown in Appendix C5.
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It is to be noted that the estimated rate constants proposed by Daly et al.[17] and Dias et al.[18]
based on analogy to DME and DEE underpredicts significantly (by almost ten times and especially
at low temperatures) the key initiation reaction, R1.3: [CH3] +[O]COC. It is to be noted, however,
that despite the estimated rate constants by Daly et al. [17] and Dias et al. [18] for reaction R1.3
being significantly lower than this work, it does capture the slope of log(koo) vs. 1000/T very well.
For R1.4. CH30+[CH2] COC, the estimated rate constants based on analogy, overpredicts the rate
of the reaction at low temperatures and underpredicted it at temperature T>1000K. In the case of
C-O bond fission reaction R1.4. CH30+[CH2] COC for which C-O bond belongs to the CH20 unit
of the chain, the rates estimated by analogy ([17], [18]) do not match either the shape of the slope
of the rates calculated in this work or the individual values. This discrepancy in results highlights
the unique behavior of the oxymethylene (CH20) group in POM-E molecules. From Figure 5.12
which shows the comparison of BR calculated in this study with that of existing literature, it can
be observed that there exist significant differences in QM calculated branching rations with that of
previous mechanisms based on analogous molecule rate constant estimation. This highlights the
inability of these rates to be extended to longer chain POM-Es based on the significant differences
that exist with the smallest member of this group of molecules. Moreover, there exists no
consensus in the existing literature regarding the branching between two important bond fission

reactions involved in the initial phase of DMM pyrolysis.

Upon comparison of the various POM-E kinetics, two trends appear in the reaction analysis.
First, thermal decomposition for all molecules is dominated by knocking off the terminal methyl
group from the chain. This is highlighted by the fact that this reaction has the highest branching
ratio for all three POM-Es studied so far. However, as the chain length increases, other C-O bond

fissions become increasingly important, and correspondingly the branching ratio associated with
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the reaction forming methyl radical reduces. This signifies that as chain length increases, many
more reaction pathways become active, producing other radicals besides the methyl radical. Figure
5.13 shows the branching ratio for different reactions involved in Pathway 2 forming various
radicals during pyrolysis of POM-E molecules (n=1-3). Secondly, with the increase in accessible
thermal decomposition pathways, the total destruction rate of the POM-E molecules (POM-E ->
Products) increases with chain length. For all C-O bond fissions, the resultant radicals can quickly
B scission to form CHs, H, and CH-O, creating a rapid production in molecules. This is consistent
with the observation that as chain length increases, YSI for the POM-E molecules decreases. With
the increase in chain length, reaction times and an increased dilution effect become shorter.
Combined, this may explain the observed decrease in YSI with chain length. The total rate

constants for each of the three POM-E molecules is shown in Figure 5.14.
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Figure 5.13: Branching ratio plots for three different POM-E molecules (n=1-3) at pressure,
P=10 atm.Left: The dominant reaction for all three POM-E molecules is the cleavage of the CHs
terminal group from the molecule. Right: As chain length increases, the contribution from other

C-0O bond cleavages also becomes more important.
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Figure 5.14: Temperature (T) dependent total rate constants (k_total) for three different POM-E
molecules (n=1-3) at pressure, P=10 atm.

5.4 Chemical kinetic investigation of end-group effects of
polyoxymethylene ethers (POM-E) during pyrolysis

The simplest OME, Dimethoxymethane (CH3-O-[CH20],-CH3 where n=1), is comprised of
one oxymethylene unit bonded to oxygen with terminating methyl groups. In the next few sections,
we refer to Dimethoxymethane (DMM, POM-E1) as M-1-M, where the letters refer to the alkyl
end group type, and the number refers to the number of oxymethylene units present in the
molecule. A considerable amount of work has been put into understanding the kinetics and ignition
properties of M-1-M, as well as similar molecules with more oxymethylene units, up to seven
(CH2-0) units. The high oxygen content and increasing cetane number with the length of these
molecules have been highlighted as reasons for their propensity to decrease sooting. However,

some major concerns about methyl-terminated OMEs, including low lower heating value (LHV),
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high water solubility, and poor sealing material compatibility, may be addressed with longer alkyl
end groups.

In a recent paper, Batholet et al. [6] tested various fuel properties, including biodegradability,
water-solubility, cetane number, yield sooting index (YSI), and LHV on different OME
combinations and showed that ethyl, propyl, and butyl end groups with 1-3 oxymethylene units
provide for a substantial reduction in soot emissions while retaining ideal diesel blend properties.
The two simplest molecules that fit those criteria are diethoxymethane (E-1-E) and
dipropoxymethane (P-1-P). The unimolecular decomposition and oxidation pathways of E-1-E
have been studied through shock-tube experiments and high-level qguantum chemical calculations
[7-8-Leur, Kroger, etc.], and chemical kinetic models of E-1-E by analogy to n-heptane have been
proposed for low and high temperatures [28]. Meanwhile, little to no work has been done on the
thermal decomposition of P-1-P.

In this work, an investigation of the thermal decomposition of different OME end groups during
the first stages of combustion is presented. This is intended to discern the main reaction channels
for each of the three different end-group OMEs. Pressure (0.01latm — 100atm) and temperature
(500K-2000K) dependent reaction rate constants were calculated for various bond fission and
isomerization-decomposition reactions for M-1-M, E-1-E, and P-1-P using quantum chemical
calculations at the CCSD(T)/cc-pVooZ/M06- 2X/cc-pVTZ level of theory. These results are
validated against previous experimental and computational work and draw analogies with dipropyl

ether for P-1-P.

5.4.1 Experimental methods
The experimental method employed for this work is identical to the technique described in

section 5.3.1. Photoionization Mass Spectrometry was used to identify the primary products of
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thermal decomposition. The synthesis of diethoxymethane and dipropoxymethane was carried out
as part of the DOE Co-Optima project effort at CSU. The synthesis of these variable end-group
POM-Es was done using the trans-acetalization reaction of methyl-terminated OMEs (DMM)
with higher chain length alcohols. This synthesis technique produced samples with purities of more
than 95%. The two samples of diethoxymethane and dipropoxymethane were run at a
concentration of 0.1% to prevent any bimolecular reactions. Spectra were obtained across a

temperature range of 300K (room temperature) up to 1800K.

5.4.2 Computational modeling methods

The computational method used to model the thermal decomposition of
dimethoxymethane, diethoxymethane, and dipropoxymethane is identical to the approach
described in section 5.3.2. The Quantum Mechanical calculations featured the same series of
operations aimed at producing rates of reactions across a range of pressures in the temperature

range of 500 — 2000K.

5.4.3 Experimental results

5.4.3.1 Dimethoxymethane (M-1-M)
PIMS spectra and results for the thermal decomposition of dimethoxymethane are

described in section 5.3.3 (A). These results were obtained by running 0.1% samples of

dimethoxymethane procured from Sigma Aldrich

5.4.3.2 Diethoxymethane (E-1-E)
Room temperature spectra for diethoxymethane shows significant dissociative ionization

with fragments formed at m/z 89 (methyl bond breakage) and m/z 74 (formaldehyde elimination).
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The first time thermally activated decomposition pathways are reached is between 1300 and 1400K
reactor surface temperatures. The presence of m/z 28 also confirms the validity of the transition
state route at 67.9 kcal/mol. Other short-lived products fragment into methyl radicals (m/z 15) and

formaldehyde (m/z 30, but not ionizable at 10.487 eV). The PIMS spectra are shown in Figure

5.15.
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Figure 5.15: PIMS of 0.1% diethoxymethane in He in the micro-reactor at 200 SCCM heated
from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons

5.4.3.3 Dipropoxymethane (P-1-P)

Room temperature spectra obtained at 300K shows significant dissociative ionization with

multiple peaks observed in addition to the parent peak. A weak parent peak signal is seen at m/z
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132, with a much larger signal corresponding to the abstraction of a hydrogen atom from the parent
molecule internally at m/z 131. A cluster of peaks is observed at m/z 104 (ethylene elimination),
m/z 102 (CHz-CH>* elimination), and m/z 102 (formaldehyde elimination). The formaldehyde
elimination peak is the most dominant route among these three (based on signal intensity).
Additional peaks observed at m/z 73 and m/z 72 are due to the fragmentation of the first carbon-
oxygen bond and the elimination of propanol. Additional peaks seen at m/z 58 (Propanal) and m/z
43 (CH3-CH2-CH>*) are fragment remnants produced by the laser. The PIMS spectra are shown
in Figure 5.16.

As the temperature is raised, the primary decomposition route of elimination of the end
propyl and methyl groups is observed at temperatures above 1300K. At these temperatures, the
influence of the ionizing medium on the fragmentation is reduced, with bond fission peaks at m/z

43 (CH3-CH2-CH2*) and m/z 15 (CHs*) becoming dominant.
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Figure 5.16: PIMS of 0.1% dipropoxymethane in He in the micro-reactor at 200 SCCM heated
from 300 to 1700 K and ionized by 118.2 nm (10.487 eV) photons

5.4.4 Computational results

The results from the quantum mechanical calculations were used to determine the
individual bond energies for the different carbon-hydrogen, carbon-carbon, and carbon-oxygens
bonds in all three molecules. The weakest bond in the case of diethoxymethane is the carbon-
carbon bond between the terminal methyl group and the CH2 group. For dipropoxymethane, the
weakest bond is at the C-C bond between the secondary and tertiary carbon atoms in the molecule.
The strongest bond in both molecules is the carbon-hydrogen bond in the terminal methyl groups.

With an increase in end group length, we observe an increase in the lowest bond energy and a
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decrease in the strongest bond energy. A representation of the bond energies is presented in Figure

5.17.

Diethoxymethane (E-1-E)

Figure 5.17: Bond Dissociation Energies of diethoxymethane and dipropoxymethane

Dipropoxymethane (P-1-P)
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An analysis of the individual reaction rates and branching ratios for diethoxymethane
showed that the rate of decomposition of the parent molecule through the breaking of the terminal
ethyl and methyl bonds was the fastest. When compared to other likely decomposition reactions,
these two rates were orders of magnitude faster across the temperature range. When analyzed as a
function of the total decomposition, it was concluded that approximately 99% of the reaction flux
is accounted for by these two bond fission routes. The oxygen radicals produced as a result of these
bond fissions undergo further decomposition or B scission to produce formates. These reaction

rates and branching ratios at a pressure of 1 atm are shown in Figure 5.18 and Figure 5.19.
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Figure 5.18: Rates of thermal decomposition for diethoxymethane as a function of temperature

at 1 atm pressure

131



Branching Ratios with flux > 0.1% from E-1-E

w— 100 atm

0.8 { === 10 atm
«ss ]atm
0.6 1 /
| = * CCOCOCC->CCOTIO] + [CH2IC
o . €COCOCC->CCOCOICH2] + [CH3)
@ (4 { =+ CCOCOCC->CCOCO + C=C

==+ CCOCOCC->CCO + CCOlICY

r

800 1000 1200 1400 1600 1800 2000
Temperature [K]

Figure 5.19: Branching ratio for the primary routes of decomposition of diethoxymethane as a
function of temperature at 1 atm.

A similar analysis of the reaction rates and branching ratios for dipropoxymethane indicate
that most of the reaction flux (greater than 75%) is caused by the bond fission of the terminal ethyl
and propyl group. As the temperature is increased beyond 1000K, the breakage of the terminal
methyl group and the propoxyl groups become more competitive. The oxygenated radicals
produced by the elimination of the methyl, ethyl, and propyl groups undergo a series of further
decompositions and B scissions at engine-relevant temperatures to produce formaldehyde and

propylene. These reaction rates and branching ratios are shown in Figure 5.20 and Figure 5.21.
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Figure 5.20: Rates of thermal decomposition for dipropoxymethane as a function of temperature
at 1 atm
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Figure 5.21: Branching ratio for the primary routes of decomposition of dipropoxymethane as a
function of temperature at 1 atm.

The results from the experimental observations and modeling calculations confirm that as
the length of the end group is increased, the temperature at which the first products of bond fission
are observed decreases. This is consistent with a lowering in the bond energies between the three
molecules with an increase in the chain length. As the temperature is raised beyond 1000 K the
molecular pathways become unimportant and the bond fission routes dominate. Among the three
molecules evaluated as part of this study, the rate of consumption (the rate at which the parent

molecule is broken down through thermal decomposition) is higher for dipropoxymethane as
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compared to diethoxymethane which is higher than dimethoxymethane. For the largest molecule
evaluated (dipropoxymethane), as the temperature is raised, bond fissions involving carbon-
oxygen bonds become more active, contributing to a large pool of radicals being formed. This is
especially relevant at higher temperatures (where combustion normally occurs). The additional
radicals produced can form oxygen-containing radicals through H-abstraction. These open further

pathways to OH formation and accelerate ignition and combustion chemistry.

5.5 Exploration of secondary decomposition products of methyl-
terminated polyoxymethylene ethers

5.5.1 Computational modeling of secondary decomposition

Results from the experimental and computational modeling of the primary decomposition
of methyl-terminated polyoxymethylene ethers (dimethoxymethane, 2,4,6 trioxaheptane, and
2,4,6,8 tetraoxanonane) confirmed that the fastest pyrolysis reaction is associated with the breaking
of the terminal methyl group from the parent molecule. These routes resulted in the creation of
methy| radical (*CHz3) and the *O(CH.0O),CHs radical. Ab-initio quantum mechanical calculations
were carried out at the CCSD(T)/cc-pV(D+T)Z /I M06-2X/CC-pVTZ level of theory to determine
the further decomposition of the oxygen-containing radicals. The computational method employed

to carry out these reactions is similar to the process described in Chapter 3.

5.5.2 Results and discussion

The results from the analysis carried out are shown in Figure 5.22. This figure shows the
relative rates between the different secondary decomposition reactions of the oxygen-containing

radical produced by the pyrolysis of dimethoxymethane. The route involving the beta scission of
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the radical to form methyl formate and a hydrogen atom is shown to be the fastest. Labbe et al.
[29] showed that methyl formate decomposes largely into methanol and carbon monoxide under
pyrolysis conditions, which explains the detection of methanol in experimental results of
dimethoxymethane pyrolysis. The observation of methanol in the spectra was previously attributed
to a hydrogen migration [30] through a transition state to form a carbene which quickly

decomposes into methanol.
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Figure 5.22: (left) Rate comparison of the significant secondary decomposition routes of

[O](CH20)nCHs; (right) Branching ratio plot of the different secondary decomposition routes
[O](CH20)nCH3

A similar analysis of the high-temperature pyrolysis of 2,4,6 trioxaheptane (M-2-M) and
2,4,6,8 tetraoxanonane (M-3-M) indicated an analogous decomposition pathway to
dimethoxymethane. First, the terminal methyl C-O bond fission forms [O](CH20)nCH3 radical
and the methyl radical, with the former undergoing beta scission to produce formate and the
hydrogen radical. Unlike methyl formate, the decomposition of the formates associated with M-2-
M and M-3-M decomposition (methoxy methyl formate and methoxymethoxy methyl formate)
has not been studied extensively in the literature. Ab-initio Quantum Mechanical (QM)
calculations to determine the energies of the different pyrolysis reactions and products of these

formates are underway. The results from these modeling efforts are shown in the potential energy
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surfaces (PES) Figure 5.23. This PES shows that the lowest transition state (TS) for O=COCOC
goes to form methyl formate and formaldehyde. Another pathway to these products is the 3rd
lowest energy transition state. The 2nd lowest transition state goes to form formaldehyde,
methanol, and carbon monoxide, which is a similar route to the lowest energy TS but includes the
subsequent methyl formate decomposition.

The rate calculations for the bond fission reactions are currently underway. However, the
relative energies of the lowest energy TS and the lowest energy bond fission can provide insight
into possible rate comparisons. Unlike the initial decomposition of the M-2-M fuel molecule,
which only has about a 10 kcal/mol energy difference between the lowest energy TS and lowest
energy bond fission, methoxy methyl formate has an equivalent difference of about 30 kcal/mol.
This larger difference increases the likelihood that the TS reactions will be faster than the bond
fission reactions. A similar decomposition trend can be seen in Figure 5.24, which shows the
pyrolysis of the M3M formate, O=COCOCOC. These figures show that the dominant early
pyrolysis pathway of methyl end group polyoxymethylene ethers (before other radicals are present
in significant amounts) leads through formate molecules that "unzip," creating formaldehyde and

smaller formate, in addition to hydrogen and methyl radicals.

136



100

80

60

40

Energy (kcal/mol)

20
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Figure 5.24: Potential Energy Surfaces (PES) for the decomposition of oxygen-containing
radical formed by the decomposition of 2,4,6 tetraoxanonane (M-3-M)
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5.6 Conclusions

Polyoxymethylene ethers (POM-E) have been recognized as a family of molecules which
have demonstrated a reduction in soot emission when blended with diesel. This reduction in
carbonaceous emission has been attributed to the presence of oxygen in the ether molecules, which
results in complete combustion. Previously a large number of in-engine experiments had been used
to demonstrate this improvement in emission characteristics. These tests focused on showcasing
the improved performance of these engines when operated with blends of polyoxymethylene
molecules in diesel. A fundamental exploration of the reason for these reductions was attempted
by early kinetic modeling and experimental evaluations. These studies characterized the
decomposition of dimethoxyethane (the smallest member of this group of molecules). Many of
these preliminary investigations relied on analogies with other ethers like dimethyl ether and
dibutyl ether to produce kinetic mechanisms. These results were then used as the basis to predict
the behavior of longer chain lengths and different end-group POM-E molecules. These studies,
while being important in establishing the fundamental molecular basis for the effectiveness of
these molecules, did not describe the behavior of these larger molecules in sufficient detail. This
work represents the first effort to understand the difference in pyrolysis between different POM-E
molecules using a combination of spectroscopic analysis and computational modeling. High-level
ab-initio quantum mechanical models have been developed to predict the preliminary and
secondary decomposition of these molecules. To identify the most suitable compromise between
performance, manufacturability, and in-engine efficiency, these studies provide the basis for the
selection of a suitable molecule for blending with diesel.

Comparisons of the pyrolysis of different chain-length polyoxymethylene ethers indicated

that the rate of decomposition of the longest chain molecules 2,4,6,8 tetraoxanonane was the
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fastest. This increased decomposition rate and the formation of a pool of activated radicals could
be essential in ensuring that sustained and complete combustion is achieved. These radicals have
also been shown to make improvements in the ignition capabilities of these molecules, making
them suitable for blending with diesel with reduced performance.

In addition to probing the pyrolysis of the POM-E molecules, an effort has been made to
understand the decomposition behavior of secondary radicals produced from the pyrolysis of these
POM-E molecules. Computational modeling has been applied to demonstrate the primary reaction
paths to forming radicals that have been identified as combustion promoters. Abstraction reaction
and oxidation studies are also planned to produce detailed kinetic mechanisms for POM-E
molecules. The modeling of these reactions will be essential in demonstrating the suitability of one
or more POM-E molecules in blends with diesel.

An analysis of POM-E molecules with different end groups has also been attempted.
Experimental measurements and computational modeling have been critical in producing reaction
rates to compare different methyl, ethyl, and propyl end group POM-Es for their effectiveness in
decomposing to form radicals that can promote further reactions. This research effort presents a
comprehensive analysis of the high-temperature pyrolysis of these molecules and their impact on
combustion properties when blended with diesel or other fossil fuels.

This work has been adapted for journal publication with the tentative title,” Chemical

kinetic investigation of chain length effects of polyoxymethylene ethers (POM-E) during pyrolysis .
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Chapter 6:  Redesigning the micro-reactor

6.1 Introduction

To model and evaluate the chemical reactions in devices such as the micro-reactor requires
understanding the flow field within the reactor. Particularly the pressure and temperature of the
gaseous molecule as it transits through the reactor undergoing thermal decomposition. The reaction
rate constant of the unimolecular decomposition (k) of different gas-phase species can be modeled

using the simplified Arrhenius equation [1].

—-Ea

k=Aewr (6.1)

Where A is the pre-exponential factor, T is the temperature, n is the temperature exponent, Ea is
the activation energy, and R is the universal gas constant. The pre-exponential factor (also termed
the frequency factor) is dependent on how often molecules in the gas phase collide[2]. This is
directly related to the pressure and temperature of the sample. Thus, developing reaction rate
models and kinetic mechanisms depends on an error-free prediction of parameters such as the

pressure and temperature at all points along the flow field.

The dimensions of the micro-reactor (three centimeters in length and 1 mm inner diameter)
prevent a direct sampling of these parameters using probes as they would disrupt the fluid flow.
Optical access to the flow field is also restricted as operational requirements mandate using opaque
materials (usually ceramics). While the reactor is a large aspect ratio straight tube of constant
diameter, the flow within it cannot be considered a simple Poiseuille flow for pressure evaluations.

The tube is resistively heated to high temperatures using attached electrodes. Through simulation
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and experimental observation, it was shown that the portion of the tube outside the span of the
electrodes is at a lower temperature due to convective and radiative cooling. Therefore, there is a
strong axial gradient in the wall temperature, usually starting at the inlet, further complicating the
flow field, and making an accurate temperature measurement a challenge. The heating also
accelerates the flow, and if the mass flow rate is high enough, the local Mach number of the flow
will increase rapidly, and the fluid can choke near the exit.

Predicting the pressure across the length of the microreactor also has associated
challenges. A computational study by Guan et al.[3] identified that since the chamber pressure
downstream of the tube exit is so low, the local Knudsen number (Kn) within the tube can increase
to the point where the continuum Navier-Stokes equations break down. When this occurs, one
must account for “slip” both in momentum and thermal energy at the walls, as this affects the
radial velocity and temperature profiles. Taking the above into account, it was found that
accounting for slip permits the simulation of the flow using computational fluid dynamics (CFD).
The ability to recreate the pressure boundary conditions and mass flow rate by reversing the
calculations validated the developed model’s accuracy. These CFD simulations predict that the
pressure profile inside the reactor rapidly decreases along the length of the reactor. Simulations of
centerline pressure as a function of the reactor length show a steady decline from an inlet pressure
of 275torr (at a wall temperature of 1500 K) down to zero within the first 2.5 cm of the reactor.
The wall temperature is shown to impact the inlet pressure with a higher wall temperature
corresponding to higher inlet pressure. The strong temperature dependence of the viscosity causes
the elevation in pressure with temperature. This behavior is consistent across the range of wall

temperatures simulated (1300 -1600 K).
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Figure 6.1: Simulated centerline pressure (left) and temperature (right) profiles for a 280 sccm
continuous flow of helium along the length of a 2.5 cm reactor (0.66 mm 1.D) as a function of

wall temperature (Tw) [1]. The electrodes for resistive heating are placed at 1 cm and 24 cm
(adapted from [3])

The primary contributor to this drop in pressure within the reactor is the flow acceleration
produced by the extreme differential in pressure boundary conditions. These simulations also show
that the temperature of the gas along the centerline of the reactor is relatively constant between the
electrodes (placed roughly at 10 mm and 25 mm along the reactor). Initial experimental results
showed a differential in the temperature of about 150K between the wall temperature and
centerline fluid temperature. These measurements were made using a longer-length reactor with a
thicker wall section and lowered flow rate of 25 sccm. More recent simulations carried out at 280
sccm mass flow rate and a standard 1 mm 1.D reactor showed that the temperature difference is
more in the 25-50K range between the external wall and the ‘chemical temperature’ inside the

reactor. These simulations also confirm that most of the relevant chemistry happens between 5 mm
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to 2 mm of the total length of the reactor, where both the temperature and pressure are elevated.
Towards the exit of the reactor (the last 5 mm), all reactions are quenched due to the fall-off in

pressure.

The centerline velocity of the fluid was also modeled in this work across a range of
temperatures at an inlet mass flow rate of 280sccm. The velocity rises steadily from the inlet
reaching supersonic speeds of about 2 cm from the inlet before ramping up to almost 2000ms™ at

the exit.
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Figure 6.2: Simulated centerline velocity profile for a 280 sccm continuous flow of He along the

length of a 2.5 cm reactor (0.66 mm i.d.) at Tw = 1500 K [49]. The electrodes for resistive
heating are placed at 1 cm and 2.4 cm. (adapted from [3])

Another important factor in modeling chemical reactions within the reactor is the residence
time in the heated portion of the micro-reactor. Longer residence times increase the likelihood of
radical-radical reactions and radical abstraction or addition reactions with the precursors being

investigated. These bimolecular reactions greatly complicate the analysis of the desired
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unimolecular process. One way to assess the possibility of bimolecular reactions is based on

collisions. Considering the single-particle collisional frequency zii:

N; 8KT. 1 P 8kT. 1 .. _
7y = 70\/2(n—mi)2 = EG\/Z(E)Z (collisions s™1) (6.2)

i

with an intermediate temperature (T) and pressure (P) of 1200 K and 200 Torr assumed (see Figure
6.1), the collisional frequency in the reactor (zii) is on the order of 100 collisions us™ (assuming a
collisional cross-section (o) of 0.4 nm? and a molecular weight (mi) of 40 amu, values between
He and CO2; k is the Boltzmann constant with a value of 1.38(102%) J K'1). Incorporating a dilution
of 0.1% (a partial pressure of 0.2 Torr) and a fixed residence time of 100 us, a rough estimate of
the collisions between potentially reactive species is 100 collisions. Reactions at the gas Kinetic
rate could be influential under these conditions, but most rates will be at least an order of magnitude
lower. They, therefore, won’t be significant compared to the unimolecular reaction scheme of
interest. Decreasing the residence time in the reactor is not a viable way to avoid bimolecular
reactions because it is essentially a fixed experimental parameter due to limited pumping

capabilities. Instead, this task is accomplished through dilution.

The challenges associated with consistently predicting the conditions within the reactor
complicate the extension of the results obtained from these experiments to develop chemical
kinetic models. Providing a stabilized pressure environment and controlling reaction residence
time are hard to achieve, both major deficiencies of the current reactor design. To address these

shortcomings, a novel reactor design and geometry are necessary.
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6.2 Redesigning the Chen Reactor

Modification to the design of the micro-reactor was initiated by analyzing the flow
phenomena within the Chen reactor by first applying a theoretical model by Fan[4]. Fan's geometry
used for these evaluations was a simple tubular structure with a length of 3 cm and an inner
diameter of 1 mm. The wall thickness was set to 600 um with a concentric inner cavity. For these
initial evaluations, the flow within the reactor is assumed to be laminar, and the pressure drop was
modeled by calculating the friction factor, and the Reynolds number of the flow within the given

dimensions of the reactor[5].

ap = Lrantei0F 6.3)
_ 6t
Fran= (6.4)

where fra, is the friction factor, L and D are the length and internal diameter of the
cylindrical tube, and Rep is the Reynold number for internal flow. These equations are applied to
typical conditions of an inlet pressure of 230 torr and a mass flow rate of 300 sccm. It is observed
that the pressure inside the reactor drops several orders of magnitude from the inlet value to zero
at the exit, confirming the results observed in previous simulations. As previously described the
drop in pressure is not ideal for chemical kinetic evaluation as it can cause localized effects on the
decomposition process leading to the formation of products and radicals that are not truly the result
of thermally driven decomposition. To produce a more stabilized pressure profile within the
reactor a modification to the geometry at the exit of the reactor is proposed. This modification is

in the form of a converging-diverging nozzle which is commonly used in other engineering
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applications where a change in flow parameters is desired. The reduction in diameter acts as a

choking device influencing the pressure around it and upstream of the constriction.

The analysis of this modification is accomplished by applying equation 6.5 [6] linking the

mass flow rate and choke diameter for an isentropic flow in a converging nozzle

y+1

2 )20 (6.5)

y+1

Y
m=Ax* P, x R_TO(

Where m'is the mass flow rate, A is the nozzle outlet area, Po is the upstream pressure, and
y is the ratio of specific heats. This equation demonstrates that it is possible to affect the upstream

pressure by modifying the choke area.

The newly proposed converging-diverging nozzle design was modeled by Fan [4]. This
design featured transition lengths G1 and G2, as shown in Figure 6.3. With the initial assessment
of the flow conditions and behavior completed, a more rigorous assessment required the
application of numerical methods and CFD. These evaluations were used to identify the effects of

varying individual geometric parameters on flow behavior.

- Gl G2 __
Valve 1
— Skimmer
99.9% Helium " ]
+0.1% Reactants
— Circular tube + Converging-diverging nozzle
d —

Figure 6.3: Redesigned reactor structure diagram (adapted from [4])
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For CFD calculations, helium is chosen as the carrier gas since it is inert, non-atomic, and
has a high thermal conductivity. Helium is also the carrier gas used in the experiment. The dilution
rates used (0.1% of the fuel in helium) lent themselves well to the approximation of pure helium
as the inlet gas. The microreactor wall is heated to temperatures between 1300-1700 K during
experiments. The carrier gas, which is typically at room temperature at the inlet, experiences a
dramatic temperature change within the short residence time of the reactor. Thus, valid
thermodynamic functions for the thermal conductivity and dynamic viscosity of helium are

necessary to obtain reliable simulation results.

These parameters have been previously determined experimentally and are adapted as follows [7]:

k =2.682. 10 3(1+ 1.123. 10°%p) TO1E-2107CHP) TW/(m *K)]

1 =3.67X107. T%7 [Pa.g]

where Kk is the thermal conductivity and p the dynamic viscosity and the temperature and pressure

have units of Kelvin and Bar respectively.

A description of the CFD method used by Fan is described in brief here, a more detailed
explanation can be found at [4]. Fan [4] implemented the system of equations defining the
continuity equation, conservation of linear momentum, conservation of energy for a steady-state,
and compressible ideal gas flow in MATLAB. ANSYS Fluent was applied since it could achieve

the highest convergence speed and solution accuracy at the lowest computational cost among
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multiple CFD tools. Three-dimensional models of reactors with different structure parameters
were built in ICEM (an ANSY'S meshing tool) [8]. This configuration is a general mesh style for
three-dimensional models. This meshing method was chosen as it is suitable for many model
profiles while being easy to build with a low probability of error concerning structural geometry.
To study the microreactor design numerically, models with different structure parameters were
built and calculated in a short amount of time. The choice of a tetrahedral mesh was influenced by
the relatively simple shape of the reactor geometry. The reduced accuracy compared to a
hexahedral mesh is offset by gains in the reduction of computational time and cost. A density-
based solver was applied with a SIMPLE scheme using a second-order-upwind discretization
method [9]. The integration of a revised algorithm extended the applicability of the SIMPLE
scheme to compressible flow allowing a detailed evaluation of flow parameters within the new

geometry.

6.3 Parametric evaluation of the redesigned reactor
6.3.1 Geometric parametric evaluation

The redesigned reactor was then analyzed using CFD tools described in [4] to understand
the impact of varying geometric parameters on the fluid flow properties within the reactor. This
was to optimize the new configuration while establishing tolerance bands for the fabrication of the
geometry. The effect of varying the choke diameter, d, from 0.100 mm to 0.300 mm was compared
with the straight tube configuration. Upon addition of the nozzle structure, the pressure distribution
becomes stable within the main body of the microreactor, and the maximum centerline pressure is
directly affected by changing the choke diameter, d. Similarly, the projected velocity profiles
plateau within the microreactor main body with the addition of the nozzle structure. The

assessment of the impact of changing the exit diameter also indicated a degree of tunability that
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could be engineered into the micro-reactor by selecting different exit diameters to produce

stabilized and specific fluid properties.
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Figure 6.4: Centerline pressure distribution for various choke diameters d.(adapted from [4])

T. Fan further calculated the effect of the lengths of both the converging and diverging
sections G1 and G2 for their impact on fluid flow properties. The simulation results for the
centerline pressure indicated that the length of G1 and G2 have minimal influence on the fluid
properties when altered across a range of 3 mm. Both these features showed no significant impact
on the residence time of the fluid or velocity profile when varied. To ease manufacturability, the
diverging section of length G2 was eliminated. The allowed tolerance on the length of the

converging section was extended by 2 mm to improve ease of fabrication.
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Figure 6.5: Redesigned reactor structure with a single converging section
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Figure 6.6: Central line Mach number distribution along the reactor length for various choke
diameters, d.(adapted from [4])

The length of the main body of the reactor L was evaluated between 20 mm to 30 mm to
understand its impact on the fluid flow properties. These simulations confirmed that the only
change observed was to the residence time of the fluid within the reactor. This provides an
additional tunable parameter that can be altered to understand the impact of how long the fluid is

retained in the reactor environment on pyrolysis reactions.
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6.3.2 Thermodynamic evaluation
The geometric parametric evaluation provided a baseline configuration (L=20 mm, G1=5

mm, d =0.15 mm) which was then analyzed from a thermodynamics perspective in contrast to the
tube reactor. Comparisons of the temperature, pressure, velocity profile, and Kn under continuous
flow rate conditions of 300sccm were carried out between the Chen reactor and the redesigned
geometry by Fan [4]. The Kn provided a convenient dimensionless parameter to compare fluid

characteristics between both reactors.

A_ Ma
Kn= =126 (6.6)

Typically, the Navier Stokes equations are applicable at Kn less than 0.01, and the fluid is
said to be in continuum flow. Fluid in this domain is easy to model and analyze to develop accurate
chemical kinetic mechanisms. The fluid remains in this continuum regime throughout the reactor
for the redesigned micro-reactor with the nozzle. In contrast, the Kn in the straight tube reactor
quickly rises beyond 0.01 within the first 5 mm. Additionally, the centerline pressure and velocity
profiles remain stable throughout the main body of the reactor, and a maximum temperature
(1500K) is reached at 6 mm from the inlet. These initial design evaluations made it apparent that
the optimized micro-reactor geometry produced stabilized fluid profiles while retaining all the

characteristics of the Chen reactor that make it a highly useful experimental tool.
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Figure 6.7: Centerline temperature and Knudsen number distribution along with the reactor of
both redesigned micro-reactor and original “Chen nozzle” (adapted from [4])

6.4 Prototype redesigned micro-reactor

To validate the proposed redesign, a prototype micro-reactor featuring a specialized
modification to simulate the effect of a nozzle transition was fabricated and utilized in the in-house
PIMS experiment at CU Boulder. This prototype was manufactured at the Integrated Instrument
Development Facility (I1IDF) in the Cooperative Institute for Research in Environmental Sciences
(CIRES) at the University of Colorado Boulder. Two prototype versions were produced, one by
inserting a 1 mm outer diameter (O.D), 0.5 mm inner diameter (1.D), and 0.8 mm long alumina
ceramic tubing into the standard Chen reactor. The second prototype featured a 1 mm O.D alumina
tube with a 0.5 mm 1.D segment that was epoxied onto the end of a 28 mm silicon carbide tube.
The result is a microreactor with a built-in rectangular step nozzle structure, which is different in

geometry compared to the ideal nozzle's tapered shape.

156



Ideal Nozzle Transition
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Figure 6.8: A photo and structure diagram of the novel reactor prototype (adapted from [4])

The impact of the new configuration was evaluated in the PIMS experiment by analyzing
the thermal decomposition of propionaldehyde [4]. These experiments were used to confirm that
the operating characteristics of the microreactor continue to be like that of the tube reactor. Initial
spectra showed a similar distribution of products observed across temperature scans. The resistive
heating performance and temperature measurements correlated well with previous experiments.
These initial results and numerical models formed the basis for the next stages in the fabrication

of these nozzle micro-reactors.
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Chapter 7. Fabrication of the novel micro-
reactor geometry

7.1 Evaluating the ideal nozzle geometry

With the range of geometric parameters for the nozzle decided (exit diameter, length, and
transition region length) [1], different nozzle configurations were evaluated. Two final designs
were compared for their effectiveness in stabilizing pressure and velocity profiles of the fluid in
the reactor and are shown in Figure 7.1. The first design incorporates a step nozzle (similar to the
prototype) with a sharp transition in diameter from 1 mm to 0.5 mm at the exit. The length of the
smaller diameter section represents the transition length. It was identified that sharp transitions
could lead to localized product recirculation. Thus, the second design features a more gradual
angular transition into the constriction region.

Additional comparisons of the two reactor geometries highlighted the potential for creating
better surface finishes with the tapered geometry. An improved surface finish would prevent
radical trapping, reduce boundary effects, and improve the reliability of the reactor in general.
Further, having a large material zone would result in a non-uniform heating effect, disrupting the
chemical reaction. Based on these conclusions, it was decided to manufacture the reactor with a

tapered constriction.

159


https://www.zotero.org/google-docs/?8QgP8b

Figure 7.1: The CAD rendering of the redesigned reactor shows a step nozzle (left) and a

tapered nozzle (right).

variants are proposed, featuring exit diameters ranging from 0.500 mm to 0.100 mm in steps of
0.100 mm. All other geometrical parameters are identical in these reactors, except for a change in
transition length for exit diameters 0.200 mm and 0.100 mm to accommodate the extreme change
in diameters. Silicon carbide is retained as the primary material system for the new reactor design
to ensure continued compatibility with the experimental setups described in Chapter 2. Silicon
carbide also possesses exceptional wear resistance, high thermal conductivity, low coefficient of
thermal expansion, and high hardness[2] — [4]. These properties, in combination with excellent
thermal shock resistance[5], [6], and chemical stability[7], [8] make it an ideal material for

corrosive environments.

7.2 Shortcomings of traditional manufacturing using silicon carbide

Traditional ceramic compaction methods incorporate rigid tooling and expensive
fabrication techniques. Techniques like casting[9]-[11], extrusion[12], [13], and injection
molding[14], [15] are applied, including multiple intermediate stages of processing, each relying
on specialized components[16], [17] to produce parts for a range of applications. These elaborate
methods have limited small-component silicon carbide manufacturing to relatively simple
geometries with more intricate configurations requiring a host of specialized modifications that

can be cost-prohibitive. The inflexible nature of the tooling further curtails customizability, a
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significant factor in low-volume production and one-off prototype manufacturing. These current
processing techniques feature machined tooling made of stainless steel and tool steel, which are
not amenable to modification. Even minor alterations to the final product's design can have an
expensive cascading effect on other processing equipment due to the rigidity of the tooling
involved in these processes. Thus, many factors of traditional ceramic processing methods
contribute to their inherent incompatibility with iterative design changes [18], [19].

Additive ceramics and silicon carbide manufacturing has emerged as an alternative to the
more orthodox manufacturing methods but is still limited in applicability[20]. Multiple generative
manufacturing methods like extrusion-free forming, binder jetting[21], [22], Selective Laser
Sintering (SLS), robocasting [23]-[25], and Stereolithography (SLA)[26]-[28] have been
explored for their ability to generate basic shapes using SiC. While significantly faster than
conventional methods in producing near-net forms, these processes suffer fundamental material
challenges[29]. To be compatible with the fabrication process, modifications of the precursor
composition may be necessary, impacting the finished component properties, altering the sintering
time, and causing outgassing, which can affect the furnace atmosphere. The deposition of ceramic
layers as part of the compaction process also introduces inconsistencies in the product, with pores
and discontinuities being more prevalent in components produced through these techniques. A
critical downside to additive manufacturing is the constraints imposed by the technique's
resolution. The ability to create details smaller than 0.500 mm inside a geometry, especially in
high aspect ratio designs as required by many microfluidic applications, is firmly beyond the
capacity of currently accessible techniques for most ceramics[29]. Multistage processing has been
explored for these forms, but the time and cost involved quickly approach that of more dedicated

conventional processing methods.
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To address this gap in capability, this chapter describes a novel high throughput, iterative
processing route for manufacturing small, high aspect ratio silicon carbide geometries at a low
cost. This fabrication sequence integrates a hybrid manufacturing technique that harnesses the
rapid iterability of additive manufacturing, combining it with the knowledge base for conventional
ceramic processing. A bottom-up approach was used, beginning with the bulk silicon carbide,
followed by a systematic investigation of other batch components for the potential to introduce
modifications. This resulted in creating a unique silicon carbide precursor composition, tailored to
be compatible with a range of compaction processes and optimized for small feature sizes. With
customizability at the core of this technique, polymer, and metal additive manufacturing are
utilized to create tooling. This supports the Fabrication of final structures across a range of
dimensions with the tooling design supporting sizes from 500 mm to 30 mm (length). Generative
manufacturing enables the design of fabrication tooling to be made independent of the ceramic
type, permitting it to manufacture various ceramic parts. The evolution and design of tooling are
discussed in detail, focusing on its versatility — across the material composition and compaction
technique. A new approach to achieving compaction is presented, highlighting the reduced cycle
time and the ability to produce a range of configurations. The broad applicability of this process is
showcased with components of different geometries and material types produced. Emphasis is
placed on manufacturing geometries with extremely thin wall thicknesses, highlighting this
technique's ability to produce near-net configurations in a single processing step. Additionally,
material characterization studies are presented, highlighting the superior performance of

components produced using this new technique compared to currently available alternatives.
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7.3 Manufacturing process overview

The following section details the process steps, characteristics of the precursor material,
the powder preparation sequence, compaction tooling, and compaction process as applicable to
silicon carbide, focused on creating the configurations required by the microreactor geometry.

Figure 7.2 presents a section view of the target geometry to be manufactured to meet the
experimental requirements. The geometry features a large aspect ratio (a much bigger dimension
in one axis than the other two), with the key characteristic being an internal tapering of the cavity
inside the structure. In addition to the geometry, the experimental conditions mandate smooth
interior surfaces that would not disrupt the reactor's fluid flow. High component strength and
lowered porosity are further prerequisites that are factored into the choice of the manufacturing
method. The presence of voids or high porosity could result in ‘radical trapping,” making the new
microreactor unusable within the context of the experiment. High component density would also
improve the ability of the reactor to be resistively heated and extend the product's usable life within

the experiment.

500 pm Flow Direction 500 wm

28 mm
Figure 7.2: CAD rendering of a section view of the target reactor geometry featuring internal

taper from 1 mm to 0.500 mm

A hybrid processing route is proposed combining the repeatability and robustness of
conventional ceramics processing and the rapid turnaround time of polymer and metal additive

manufacturing. Figure 7.3 shows the sequence of operations involved in producing the
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microreactor geometry. The features of the reactor and the requirement of manufacturing using
SiC necessitated the development of a precursor composition tailored to the chosen forming route.
Developing a specialized blend of SiC for this process was done in collaboration with Calix
Ceramic Solutions. These components are mixed in an aqueous medium using high-purity water
that is either reverse osmosis (R.O.) treated or deionized to prevent secondary reactions with the
precursor mixture. For compatibility with the chosen compaction route, the volume of water added
is adjusted to ensure the rheological properties before spray drying. The goal after spray drying is
a free-flowing powder such that the final bulk density is 0.9 g/cm3, the final tap density at 1.1

g/cm3 with an average final particle size of 0.070 mm.

a. Additive c. Compaction g. Nozzle
Manufacturing Micro-reactor
T = d. Green Compact f. Sintering
[ P
I1 //// T
Casting <
+ v t —_—
»ill« ) /
b. SiC Precursor : I / \ e. Pyrolysis
> | < A
> | <
> | < .
Isostatic Pressing

Figure 7.3: Process flow for creating microreactor geometry. (A) Creation of a digital tool
geometry applying the principles of design for manufacturability and tailored for production using
both polymer additive manufacturing (Stereolithography) and metal additive manufacturing
(Direct metal laser sintering). (B) A specialized raw material composition custom-made using a
spray drying process for compaction. (C) Casting and isostatic pressing are two compaction
methods chosen for their compatibility with the final geometry and precursor composition. (D)
The component post-compaction is in a 'green state'. (E) Pyrolysis is carried out in a Lindberg M
Blue Retort at 650°C. (F) Final component sintering is completed in a Thermal Technology
Furnace Model 1000-3560-FP24 at 2150°C. (G) Component post-processing is completed to finish
edge surfaces and verify hole dimensions.
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7.3.1 Precursor development

Silicon carbide forming processes require a precursor material with a uniform size
distribution and high flowability[30], [31]. This ensures that the 'green-state’ product produced
possesses the desired density and predictable shrinkage post-sintering. This is achieved using a
spray drying process to produce a dry powder with uniform size distribution and spherical shape.
Spray drying is carried out using a PTX Pentronix Roto-Clean Spray Dryer 9500 system,
producing particle sizes in the range of 0.020 — 0.200 mm. The particle size of the RTP powder
was adjusted to be suitable for both isostatic pressing and conventional casting. In the isostatic
process, RTP powder in the dry form was used in the isostatic process — with the grain size being
altered to meet the density requirements of greater than 3.10g/m3. For compatibility with the
casting process, the RTP powder can be converted to an aqueous form by mixing with RO/DI
water. Care is taken to ensure that the rheological parameters of the blend are maintained for
optimum castability.

The specifications of the microreactor geometry demanded the creation of a slurry system
that pushed the limits of the spray drying process. The fundamental composition of the silicon
carbide precursor was iterated to produce the small features of the reactor. This involved adjusting
the percentage of boron carbide to <1% to stabilize the small volumes of the slurry used. Further
modifications were carried out to the a-SiC particle size to produce finer blends to achieve higher
compaction. With the wall thickness dimensions approaching the «-SiC particle size,
modifications were made to produce finer blends by lowering the average size to less than 0.0005
mm. This had the added benefit of producing finished geometries with a higher density value
approaching the theoretical limit. A constant challenge to working with these types of minute
geometries was the complications in extracting the compacted green state component from the

tooling; this was overcome by experimenting with variations in the fugitive binders. By increasing
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the percentage of the binder media to 12% by volume, it was possible to produce stronger green-
state components that could be separated from the tooling system. The last iterated component of
the mixture was the type of carbon sources. The high aspect ratio of the design leads to post-
sintering warping and charring of the component during the sintering process. To avoid the buildup
of carbon during this phase, the carbon source was identified as a possible candidate for alteration.
After exploring multiple alternatives, sucrose was identified as an alternative to phenolic resin with
the final stabilized blend, with the percentage of the carbon source adjusted to 4% for use with
both isostatic pressing and casting. These modifications produced an RTP powder with an average

grain size (D50) of less than 0.040 mm.

7.3.2 Compaction tooling development
Tooling design and development were carried out for two compaction routes — isostatic

pressing and conventional casting. This effort focused on achieving maximum commonality
between the two processes and was tailored to be produced using generative manufacturing
techniques applied to both metal and polymers. Feature sizes on the order of 0.150 mm in the
microreactor geometry necessitated extremely tight tolerances (+/- 0.030 mm) on the tooling
design and manufacture, limiting the types of material and additive manufacturing processes that
could be used. The tubular configuration also required the tooling to be designed with an emphasis
on ease of assembly and post-compaction disassembly. All tooling elements incorporate
allowances to accommodate shrinkage factors of around 18% for sintered SiC. The tooling used
to produce all internal features of the reactor was manufactured using stainless steel to ensure
sufficient rigidity and enable the creation of smooth interior walls. Exterior components were made
using WaterShed XC 11122 (an ABS-like translucent polymer) to reduce cost and facilitate quick

modifications. These parts are produced with tolerances in the X/Y dimension of 0.05 mm for the
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first inch 25.4 mm plus £0.001 in./in.mm/mm and Z-dimension tolerances of (0.127 mm) for the
first inch 25.4 mm plus 0.001 mm/mm. Minimum wall thickness for this material and printing

system is set at 0.0635 mm and a minimum feature size of 0.0635 mm in the X-Y direction.

7.3.2.1 Casting
The core of the tooling setup used in casting is the stainless-steel mandrel. This component

is designed to produce the inner cavity of the reactor, including the tapered section. The mandrel
(component A in Figure 7.4) is fabricated using stainless steel (17-4 P.H.) and Direct Metal Laser
Sintering (DMLS) methods. The 3D printed component is heat-treated post-manufacturing for
additional strength and is corrosion resistant allowing for multiple use cycles. The mandrel is 110
mm tall, with a base diameter of 20 mm. The upright section features a series of reducing diameters
starting at 4 mm and stepping down to 0.81 mm at the upper segment. The central segment
measures 1.18 mm and represents the major inner diameter of the reactor. The mandrel is
intentionally designed to produce progressively smaller internal cavities while integrating features
for increased ease of disassembly. It is designed to be assembled upright, with the base
incorporating locating features for the rest of the tooling setup. The reactor's exterior is produced
through a split mold design with two mating halves (component B in Figure 7.4) of a jacket (or
casting block) located on the base of the mandrel. These components measure 105 mm in height
and have an inner diameter of 2.36 mm, forming the main cavity into which the SiC precursor is
poured. This cavity represents the outer diameter of the reactor geometry. Locating pips 2mm in
diameter are provided on each half of the mold for easy assembly and to prevent any offset of the
two halves. The parting line created by this design is mostly superficial and is removed during the
finishing process. All polymer components used in this tooling setup are manufactured using

WaterShed XC 11122 through Stereolithography (SLA). The WaterShed XC 11122 polymer is
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chosen to produce these tooling components for its water-resistant and atmospheric sealing
capabilities preventing the egress of moisture out through the tooling and stopping the ingress of
air into the tooling setup reducing bubbling. To ensure that sufficient levels of rigidity are
maintained once all the components are assembled, an exterior polymer shell (component C in
Figure 7.4) is fabricated using stereolithography, and WaterShed XC 11122 is attached to the
tooling assembly. This shell is anchored into a groove designed into the base of the mandrel, and
it measures 105 mm in height with an outer diameter of 20 mm. Concentricity of the cavity inside
the reactor is ensured by centering the mandrel; this is accomplished through a dual-purpose
WaterShed XC 11122 polymer lid (component E in Figure 7.4) manufactured through
stereolithography measured at 2 mm in diameter and 5 mm in height. The lid is positioned at the
top of the mandrel. It has a central tapering hole 0.81 mm in diameter and 2 mm deep, allowing it
to be inserted into the mold cavity while aligning the mandrel. The lid also prevents contaminants
from infiltrating the tooling setup once the precursor has been introduced into the tooling
apparatus. A third WaterShed XC 11122 polymer cylinder (component D in Figure 7.4) which is
110mm in height and has an inner diameter of 21 mm, also produced using stereolithography, is
slipped onto the setup to provide additional points of attachment to the lid. The CAD model used

to create all described components is detailed in Figure 7.4.
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Figure 7.4: Casting tooling assembly with components labeled in the order of assembly (A)
Stainless steel mandrel produced using DMLS. (B)Primary split casting block made with
Watershed XC 11122 using SLA featuring location pips. (C) Secondary casting block made using
ABS and SLA. (D) Support jacket made using Watershed XC 11122 and SLA used to stabilize the
setup. (E) Watershed XC 11122 lid to seal the assembly and prevent contaminant entry.

The casting process involves converting the spray-dried Ready to Press (RTP) granulate to
an aqueous slurry by mixing with 40% volume of D.l water. The conversion to aqueous form
requires close monitoring to prevent the formation of granulate clumps while ensuring that the
stirring does not introduce any inconsistencies in the form of air or contaminant bubbles. The slurry
is then carefully introduced into the mold cavity of the casting setup. Care is taken to ensure that
the slurry is introduced into the mold cavity uniformly until the upper neck of the mandrel is
covered. The lid is used to locate the mandrel's upper end, completely sealing the mold from

contaminants. Mold design accounts for the volume change due to the evaporation of water
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shrinkage factors during compaction. The green strength of the compact is achieved 6 — 12 hours
after drying.

Assessment of the dryness of the component is completed visually, followed by the
disassembly of all the tooling components. At this point, the compact is held in place only by the
mandrel and the casting blocks. The casting blocks incorporate identifying features for the location
of the seam to part the interior casting block. The assembly is kept in an upright position to ensure
that even in the relatively stabilized green state, no lateral forces are applied. With the compact
exposed externally, the inner mandrel is removed by drawing it downwards. The mandrel
integrates facets in its configuration, enabling smooth release from the assembly. This is critical
to ensure the integrity of the taper post-tool removal. After extraction from the tooling, the compact

is allowed to air dry for 2 hours.

7.3.2.2 Isostatic Pressing
The second compaction method chosen to produce the reactor design is isostatic pressing.

Compaction in this method is accomplished by applying uniform pressure on the silicon carbide
powder inside the tooling assembly. As with the casting process, a stainless-steel mandrel of
identical dimensions and manufacturing method is used to create the interior cavity of the reactor.
An elastomeric bag, also called the isostatic pressing jacket, is used to transfer compacting pressure
to the silicon carbide powder used in this setup. In a process like the one described for casting the
reactor, the molded bag is produced using additively manufactured tooling. A two-component mast
and jacket design are created to produce the isostatic pressing bag. The mast has a base dimension
of 21 mm and an upright section with a height of 115 mm and a diameter of 2.18 mm. The jacket
has an outer diameter of 18.5 mm and an inner diameter of 8 mm. Both these parts are produced

using stereolithography and the WaterShed XC 11122 polymer. A range of polyurethane
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durometers was evaluated to ensure the optimum pressure transfer to produce a fully densified
compact. To make a non-porous elastomer bag, the polyurethane mix is introduced into the mast
and jacket construction. The filled assembly is placed on a vibrating stand ensuring uniform fill
density. Each elastomeric bag used in the assembly of the finished components is tested to verify
impermeability to fluids by sealing both ends and immersing them into a tank of isopressing fluid.
The CAD model of the tooling components used in this process is shown in Figure 7. 5.

B

S

Figure 7.5: Additively manufactured tooling components to produce isopressing mold bags. (A)
Mold mast produced using WaterShed XC 11122 and SLA 3D printing. (B) Mold jacket
produced using WaterShed XC 11122 and SLA 3D printing

Tooling assembly for the isostatic pressing process is similar to the one used for casting
with the elastomer bag forming the outer jacket and located onto the assembly features on the base
of the stainless-steel mandrel. The precursor used in this case is not mixed with water and is used
directly in the dry Ready to Press (RTP) form. The grain size of the RTP allows for a high degree

of flowability, enabling an easy introduction to the tooling setup. Post-filling the mold with RTP,
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the assembly is then enclosed in a WaterShed XC 11122 polymer supporting jacket, also produced
using stereolithography to ensure rigidity inside the pressing device. The supporting jacket is 110
mm tall, with a base of 21 mm and an inner cavity of 8 mm. The supporting jacket features
rectangular cutouts at the upper and lower ends measuring 2 mm in height and 4mm in length to
help alleviate any imbalances in pressure due to the geometry of the components. This is then
further reinforced by a WaterShed XC 11122 polymer perforated jacket. This component has
multiple circular holes cut out to stabilize the pressure applied and to reinforce the setup.

Both the support jacket and the perforated jacket are intended to fit around the base of the
stainless-steel mandrel, adding two layers of protection from the ingress of the isopressing fluid.
They also ensure that the components do not warp under the applied loads and that the pressure is
uniformly transmitted to the entire setup. A custom lid made of a softer polymer is used to ‘cap’
the assembly and secure the mandrel, concentric to the molded bag. CAD models of the

components are shown in Figure 7.6.
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Figure 7.6: Isopressing tooling assembly with components labeled in the order of assembly. (A)
Stainless steel mandrel produced using DMLS. (B)lospressing jacket made of polyurethane cast
in-house. (C) Support jacket made using WaterShed XC 11122 and printed using SLA. (D)
Perforated jacket was made using WaterShed XC 11122 and SLA was used to stabilize the
pressure application on the setup. (E) Polyurethane lid to seal the assembly and prevent
contaminant entry.

Initial trials were carried out in a commercial large-scale isopressing apparatus. These
setups are intended for use with much higher wall thickness (>76.2 mm). This resulted in parts
being warped and fragmented when used with the reactor tooling. Further, significant spring-back
in the initial mandrel designs led to post-pressing fissures and defects in the internal cavity of the
reactor. To support the production of a component with extremely thin wall sections, a custom
isopressing apparatus was developed. The design of this device allows for components of a very
thin cross-section (<0.500 mm) and a high aspect ratio to be isopressed. This specialized setup

features a miniaturized pressure cell of 6 cubic inches volume, with a variable pressure setting
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ranging from 3000 psi to 30000 psi. Central to the compatibility of the device with these smaller,
more intricate designs is the finer variable pressure control, which can be adjusted either manually
(through a hand crank) or automatically through a motorized system. Compaction in this setup is
achieved at pressure ranges from 18000 to 21000 psi, depending on the granulate size and
composition. Post compaction, tool disassembly involves removing the components in the order
of assembly, followed by a careful release of the mandrel from the base.

Applying 3D printing to produce all tooling components enabled a highly iterative design
and manufacturing approach. Issues with spring back, the rigidity of tooling parts, and the warping
of the assembly were addressed by quickly modifying the design and producing components
additively. Developing two compaction methods concurrently enabled learning from one process
route to be transferred to the other, especially in tackling challenges with distortion and component
densification. Multiple trials were carried out to support using these non-conventional processing
techniques and tooling, combined with a new raw material composition. This involved
significantly relaxing the tolerances on the final component to understand the interaction between
the tooling and chosen processing method. Standard specimens were produced in solid rod forms
using both techniques to verify the finished product features compared to traditional processing
methods such as extrusion and squeeze casting.

Additive manufacturing also facilitated trials with multiple materials for tooling
components. These enabled rapid evaluations of the design features while keeping costs and
turnaround times low. The mandrel alone went through over eight design updates to produce parts
with the specified finish and ease of disassembly required by the application. The evolution of this

design is shown in Figure 7.7.
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Figure 7.7: CAD renderings of the geometry of the mandrel highlighting the changing geometry
with the evolution of process capabilities (left: oldest, right: newest)

The evolution of the mandrel design also enabled the incorporation of features such as
localized fillets and chamfers for compatibility with the high-resolution setting of the printing
process. This allowed feature sizes as small as 0.045 mm to be created using direct metal laser
sintering techniques. Similarly, each support component was manufactured over various
dimensions to choose the optimum configuration. Wherever possible, tooling features enable
locking and sealing to prevent environmental contamination. Locating details prevents cross-
assembly or offsetting of stacked components. Minimum material mass designs are preferred to
reduce processing time and handle challenges. In addition to the tooling in the form of release
media applied to the mandrel, the design of sealing lids was made simultaneously to improve the
ease of extraction and feature production within the reactors. Both compaction processes benefited
from having a similar baseline tooling design. These enabled learnings in one process to be quickly
transferred to the other, reducing risk and the overall development time. The choice of using a
single material for the exterior of the tooling was aimed at ensuring uniform load transfer,

especially during isostatic pressing, and ensuring harmony with the silicon carbide precursor.

Prototyping the internal taper required scaling up the geometry to understand tooling and

slurry interaction. This necessitated creating segments of the tooling at larger dimensions and
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modeling the impact of pressure on these features. The final blueprint wall thickness requires
extremely low tolerances around the 0.400 mm dimension. To achieve this, the individual
processes needed to be studied for their ability to be progressively shrunk in the lateral dimension.
To produce parts with these extreme cross-sections, the mandrel is designed with a series of
'Joggles.” These reductions in cross-sections allow the slurry to densify, enabling the segment
above it to layer effectively. Compared to more conventional tool manufacturing, additive

manufacturing proved vital in allowing rapid changes and evaluating them on the test bench.

7.3.3 Pyrolysis and Sintering
Post compaction, the component is described to be in the green state. To enable safe handling of

the part, it is first pyrolyzed. This process is common to parts produced using isostatic pressing
and casting. It is accomplished in a Linberg/Blue M Box Furnace Atmosphere retort with a do not
exceed temperature of 1250 °C. The components are heated in a Nitrogen atmosphere with
continuous pumping in steps of 2 °C per minute up to 650 °C. The component is held at this
temperature for two hours. The binder material is burnt out of the reactor during this process,
partially sintering it. Ambient cooling allows the component to return to room temperature in 6
hours. Once pyrolysis is completed, the component is safe to handle, and exterior surface flaws
can be removed manually using 1200-grit silicon carbide sandpaper.

The sintering procedure achieves post-pyrolysis, final densification, and establishment of
the geometry's final dimensions. The sintering stage is common to components produced by the
isostatic pressing and casting. Sintering is the application of heat to a partially densified component
(green state) to produce properties that approach the theoretical values. The effect of the
atmosphere in which the component is sintered impacts its final facets. The presence of Nitrogen

while sintering influences the microstructural evolution of SiC with oxide additives. It was noted
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that the percentage of Nitrogen in the atmosphere impacts the resistivity and thermal conductivity
of the sintered component. Sintering is achieved in a Thermal Technology Model 1000-3560-FP24
Furnace with a hot zone size of 152.4 mm in diameter and 152.4 mm in height. Here the green
component is heated to a temperature of 2150°C, with a never exceed temperature of 2650°C. The
sintering process is completed in an atmosphere of Argon. The component is heated in steps of 5
°C per minute, with the final sintering temperature reached in 7 hours, where the component is
held at this temperature for 30 minutes. Component cooldown is completed in an ambient
atmosphere in 14 hours.

The component is fully densified and visually inspected, followed by sizing to meet the
specifications laid down by experimental requirements. This involves cutting the sample from 60

mm in length to 30 mm and grinding to ensure perpendicularity of the end faces.

7.4 Materials Characterization

To quantify the performance of parts produced using this process and to validate the
properties of the finished component in comparison to the currently used Hexoloy silicon carbide
reactors a series of material characterization experiments were conducted. In these experiments,
the reactor configuration produced using Calix High Strength 2 and the hybrid digital process is

referred to as the nozzle reactor, and the standard Hexoloy reactor is referred to as the tube reactor.

7.4.1 Modulus of Rupture (MOR) evaluation
Sintered density of the finished component was identified as a key characteristic of the

reactor affecting its performance in the experimental setup. To evaluate this a series of comparative

evaluations were carried out. These experiments looked at the modulus of rupture (in MPa)
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between the sintered SiC produced by this process (Calix High strength 2) and the sintered

Hexoloy reactor currently used in the experiment.

These evaluations were carried out per ASTM 1161 which is the standard test method for
flexural strength of advanced ceramics at ambient temperature. The specimens tested as per this
specification conform to type B configuration with a support span of 40mm, thickness of 3 mm,

and a four-point fully articulated loading at room temperature. Loading rates were chosen not to

exceed a strain rate of 1.0 X 10™ s> and loading was sustained till fracture. Samples tested were

produced using dry pressing methods, and the relative modulus of rupture (MOR) is presented in

Figure 7.8.

7.4.2 X-Ray Diffraction
Powder samples were prepared by grinding one reactor sample produced by each process

(this work and extrusion using Hexoloy) to a particle size of less than 44 um (sub-325 mesh).
Diffraction patterns of back-loaded powder samples were collected with a diffractometer (D2
Phaser, Bruker, Germany) using copper Ka radiation (A=1.54 A). Patterns were collected from 15
to 60 °20 with a 0.04 °20 step size and a 4-second count time. Analysis software (Jade, v.9,
Materials Data Inc., Livermore, CA, USA) was used for qualitative analysis and mineral
identification. Data obtained from these evaluations were also used for qualitative comparison to

other XRD data published using Hexoloy SiC material and is presented in Figure 7.9.

7.4.3 Micro Computerized tomography (u-CT)

Micro CT imaging was used to observe the internal features of the reactor produced using

this process as compared to the tube reactor created using Hexoloy material. Reactor samples were
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imaged using x-ray microscopy (Zeiss Xradia 520 Versa). Settings for the scans included: 4x
objective, 80 kV voltage, 7 W power, no filter, 1601 projections, 2 second exposure time. Images
were reconstructed for microCT assessment and visualization.

These settings produced an approximate field of view of 2048 pixels by 2048 pixels with
a voxel size of 13.11252 um with a binning of 1. The total scan time for both samples was 2 hours.
Automated centering and beam hardening corrections were applied using Scout-and-Scan Control
System Reconstructor software (v 14.0.14829.38124). Reconstructions were imported into
Dragonfly Pro (version 4.1, Object Research Systems), and histograms were manually adjusted
for visualization. Section views along the centerline were stitched together for both reactors to
observe interior features and confirm the taper section's integrity and dimensional accuracy (2 mm
in length and taper from 1 mm to 0.480 mm). A section view of the nozzle reactor is presented in

Figure 7.10.

7.4.4 Scanning Electron Microscopy (SEM)
The tube reactor that was produced using Hexoloy and the nozzle reactor that was produced

using Calix High Strength 2 and the process described in this work were sputter-coated with Au-
Pd to provide a conducting surface. Imaging was in either secondary electron (S.E.) or backscatter
electron (BSE) mode, or a mixture of the two, depending on what gave the best contrast and image
quality. BSE provides some relative chemistry information, with higher atomic number elements
producing a brighter BSE signal due to a higher probability of an incident electron being reflected
back to the detector.

Electrons are generated using a LaBs filament with accelerating voltages ranging from

10kV to 25kV. All images were collected in an environmental SEM (ESEM, Quanta 200, FEI
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Company, Hillsboro, OR). Images were produced at magnification levels from 500X to 2000X

and a selection of these are shown in Figure 7.11.

7.4.5 Optical Microscopy Imaging
The exterior surfaces of the reactor samples were imaged using the Olympus Vanox -S

Research Photomicrographic Microscope System. Illumination is provided by a tungsten-halogen
lamp housed in a lamp housing at the lower rear base of the microscope. Light emitted from the
lamp is first passed through a collector lens, then reflected by a mirror through a field diaphragm
and into the substage condenser. There were a variety of condensers available for this model,
including brightfield and darkfield, throughout the full range of optical corrections. The reactor
surface was prepared by cleaning with acetone and air drying to remove any surface contaminants.
Imaging was carried out in the range of 10X — 100X. Image visualization was accomplished in a
computing system running the Leica Exalta micro imaging software with lighting and focus
manually adjusted to produce the best contrast and image quality. A selection of the images

obtained is presented in Figure 7.12.

7.4.6 Characterization Results and Discussion

Modulus of rupture evaluations indicated the superior performance of the Calix High
Strength 2 material as compared to the Hexoloy grade of silicon carbide. The results are presented
in Figure 7.8. A higher modulus of rupture translates to better resistive heating characteristics
combined with a longer experimental life cycle. The currently used Hexoloy reactors are discarded
after approximately 20 cycles of use due to reduced thermal response and fracturing at electrical
contact points. With the higher component density achieved using this composition and

compaction process, it is expected to double the usable life cycle of these new reactors. A higher
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strength also confirms that this material system can approach the theoretical density limit,

producing parts with fewer pores and reducing the chance of failure during operation.
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Figure 7.8: Modulus of rupture tests carried out on cast rod samples of different silicon carbide
grades. The material used in this process is Calix High Strength 2, and the material used in the
tube reactor is Hexoloy.

X-ray Diffraction results validated that the processing method described in this work does
not introduce any material inconsistencies as compared to currently used components. These
results are presented in Figure 7.9. The data obtained confirm that the nozzle reactor's fundamental
composition is identical to the tube reactor. This ensures that the new reactor will not require any
modifications for integration with the application. Existing protocols for reactor handling and

heating can be continued with the nozzle reactor composition ratification.

181



HCC Hexoloy - Tube reactor

150+
100+

AN

x10® -
[211111_C3_MK3 Reactor.raw] C3_MK3 Reactor

1504

Intensity(Counts)

10.0+

I | | N

x10%
10 2 |

40
. Two-Theta (deg)
Calix HS2 - Nozzle reactor

Figure 7.9: X-ray diffraction results for material used to manufacture the tube reactor (in red)
and the material used to manufacture the nozzle reactor (blue).

Micro-CT and SEM imaging enabled a non-destructive method to observe the taper inside
the nozzle reactor and verify the cavity's linearity inside the reactor. These images are shown in
Figure 7.10 and Figure 7.11, respectively. Concentricity of the cavity within the reactor was
another parameter that was studied, and feedback from initial images was used to inform the
tooling design of both processes and the anchoring methods used to center the mandrel. Both
imaging techniques showed a clean, straight cavity devoid of any tool indentations and internal
voids for the nozzle reactor produced using the process detailed in this work. This is in direct
contrast to the tube reactor, where the cavity was not concentric with the outer diameter. The
images show significant pitting inside the reactor cavity along with flow lines consistent with
tooling age on the extrusion dies. Also clear from the images is the irregularity of the interior walls
of the reactor coupled with large voids of the order size of 0.040 mm. This has also been previously
confirmed in a study using X-ray fluorescence and absorbance and has been identified as a factor

affecting flow characteristics and hence kinetic modeling.

182



Figure 7.10: Composite Micro Contrast Tomography (Micro-CT) showing a section view of the
reactor produced using the technique described in this work. (nozzle reactor, left and tube
reactor, right)

Figure 7.11: Scanning Electron Microscope (SEM) images at 1000X showing internal defects in
the tube reactor (left) as compared to the reactor (right) produced using the technique described
in this work.

Optical imaging highlighted the exterior surface features of the reactors. These images are

presented in Figure 7.12. This technique shows the presence of superficial flaws (which can result
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in regions of low strength localized around these defects) on the tube reactor. This is in direct
contrast to the smooth surface of the nozzle reactor, with almost no pores visible even at maximum
magnification. The effect of these flaws on the tube reactor extends beyond lowered density and
can also affect the maximum temperature to which the reactor can be heated resistively (1800 K
for the tube reactor as compared to 2100K with the nozzle reactor), limiting experimental

applicability.

Figure 7.12: Optical microscope images at 50 X zoom showing the tube reactor (left) and the
reactor produced using the process (right) described in this work.

7.5 Experimental Validation of the nozzle micro-reactor

The molecule chosen to evaluate the performance of the nozzle reactor as compared to the
tube reactor was cyclohexene. This involved observing the signal change due to the variation in
the mole fraction of the decomposition of cyclohexene as a function of fluid pressure at different
temperatures. Identical experimental conditions were set up with 0.1 % of cyclohexene run first
through the tube reactor (Chen reactor) and the nozzle reactor across a temperature range of 300K
to 1700K. The thermal decomposition of cyclohexene through the retro Diels-Alder method to
butadiene and ethylene is a reaction that has been identified as pressure and temperature-sensitive

[42],[43]. Therefore, at the higher stabilized pressures of the nozzle reactor (as compared to the
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tube reactor), we expect to see a greater fraction of cyclohexene decomposing to form butadiene
and ethylene. It is also shown that the increased pressure within the reactor will result in the

decomposition reaction beginning at a lower temperature in the nozzle reactor.

@ Y
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Figure 7.13: Cyclohexene decomposition reaction producing ethylene and 1,3 - butadiene

Results from the two experimental runs are presented in the plot shown in Figure 7.14. The
X-axis represents micro-reactor surface temperature change in increments of 100 K starting at
room temperature up to 1800 K. The Y-axis represents the ratio of the normalized signal height of
1,3-butadiene compared to cyclohexene's signal height. The nozzle reactor chosen for this
evaluation features a constriction with an exit diameter of 0.400 mm. The data points
corresponding to the ratio of signal heights for the nozzle reactor indicate how the amount of
butadiene produced is significantly higher between 1300-1700 K as compared to the tube reactor.
The maximum ratio of signal heights (the amount of decomposition achieved) is higher for the
nozzle reactor in contrast to the tube reactor. At temperatures beyond 1500 K, the stabilized
pressure enables access to decomposition pathways with much higher thermal barriers. This results
in a drop-off in the ratio of signal heights because other secondary decomposition products are
formed. A similar switching of primary decomposition paths is achieved only at temperatures
greater than 1700 K in the case of the tube reactor. The shift in temperature for the onset of

decomposition can be attributed to the presence of a constriction in the case of the nozzle reactor.
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This reduction in exit diameter results in a modification in the fluid flow behavior throughout the
reactor, resulting in a change in the residence time and pressure of the fluid within the reactor.
These alterations make for a more reproducible, consistent flow field, which in turn, makes
numerical modeling these reactors more facile, highlighting the value of incorporating this nozzle
using this manufacturing method. Prior to the application of this method, such an intricate design
change lay outside the fabrication envelope for this material type, both from a cost and time

perspective.
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Figure 7.14: Ratio of the signal height of butadiene to cyclohexene versus temperature in the
nozzle reactor as compared to the tube reactor
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7.6 Multi-Material Capability

In addition to producing high aspect ratio silicon carbide geometries the application of this
technique has been expanded to include additional engineering ceramic materials as well. The
same process flow has been applied to produce components with the reactor geometry using
alumina and Yttria Stabilized Zirconia (YSZ). Standard RTP powders with minor modifications
have successfully produced components with wall thicknesses lower than 0.500 mm and feature
sizes as small as 0.300 mm. Compositional changes to the raw material include reducing grain
sizes of the major component ceramic to less than 0.040 mm. All other processing parameters and
sequences are kept common across materials. This capability allows for multiple materials to be
fabricated simultaneously, highlighting the processing methodology's versatility. An example of

reactor geometries manufactured using the process described in this work is shown in Figure 7.15

(B).

7.7 Multi-Geometry Capability

The digital aspect of this technigue enables it to be extended to a range of geometries in
addition to the reactor configuration. This has been evaluated by producing multiple components
in addition to the standard nozzle reactor shape. The tool design philosophy of this process focused
on integrating modularity into the manufacturing technique. This allowed modifications to the
final geometry by altering a minimal number of tooling elements. An example of this modular
capability is creating a tubular structure with a tapped internal cavity.

This was achieved by altering the design of the stainless-steel mandrel by integrating
tapping threads on the external surface of the tooling element. A manufacturing sequence like what
is described in Figure 7.3 was carried out, and post-compaction, the mandrel was extracted by

unscrewing it out of the cavity of the component. The green compact was then sintered to produce
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a fully densified tube with an exterior diameter of 3 mm and internal threads of 2 mm pitch along
a length of 30 mm. This component was manufactured to showcase the flexibility of the process
and its ability to be easily modified to produce vastly different and challenging shapes. An example
of the tooling developed for the fabrication of a high aspect ratio component featuring internal
threads is shown in Figure 7.15 (A) with a rendering of the cross-section of the geometry shown

in the inset.

A

. M
Figure 7.15: Image showing the tooling component featuring a helical thread produced using
direct metal laser sintering with the inset image showing a rendering of the cross-section of the
geometry fabricated using this tooling. B.) Silicon carbide SiC, alumina, and Yttria stabilized
Zirconia reactor geometries fabricated using the method described in this work.

7.8 Conclusions

This chapter documented the digital manufacturing technique created to manufacture high
aspect ratio silicon carbide geometries. The development of specialized ceramic precursors,
tooling, and compaction techniques is detailed. The technique has been applied to produce a range
of reactor geometries featuring an internal taper designed to optimize fluid flow parameters within

the reactor. Material characterizations have been used to compare the features of the reactor

188



produced using this process and the currently used Chen reactor. These results conclusively
demonstrated the higher density, hardness, and superior finish of the new design and the features
of the constriction in the design. Experimental validation using the PIMS experiment was used to
demonstrate and explain the variation in results obtained because of the superior flow
characteristics produced in the new design. It is expected that the enhanced capabilities provided
by the new reactor, coupled with enhanced diagnostic techniques, would be crucial in providing
insight into developing future fuels.

This work has been adapted for journal publication with the tentative title,” Rapid
prototyping of high-resolution silicon carbide devices using digital manufacturing; demonstrated

using flow reactors.’
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Chapter 8: Exploring the effects of
pressure and residence time on
unimolecular decomposition reactions in
nozzle micro-reactors

8.1 Introduction

Unimolecular decomposition reactions are a common component of the reaction mechanisms
used for combustion or atmospheric systems. Each of these reactions is, in principle, both
temperature and pressure-dependent [1]. Additionally, when these reactions are studied using
micro-reactors where the residence time at elevated temperatures is 100 — 125 microseconds, the
impact of how long the reaction occurs becomes critical. Consequently, to achieve accurate kinetic
predictions of complex chemical systems, it is necessary to incorporate this pressure and indirect
residence time into kinetic models[1]. This requires developing tools enabling chemical kinetic
evaluations where the reaction pressure is controllable.

The pressure-dependent reaction rates primarily arise from collisional energy transfer for gas
phase decomposition reactions. According to the mechanism proposed by Lindemann and
Christiansen, unimolecular decomposition reactions involve the following phases[2]:

1. Collisional energy transfer between reactant (AB) and bath-gas (M) molecules

Collisional activation AB+M —» AB*+M
Collisional deactivation AB*+ M —» AB*+ M
2. Intramolecular rearrangement

Molecular fragmentation AB* — Products
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Figure 8.1: Typical pressure dependence of unimolecular reactions [2]

The rate coefficient for the overall reaction depends on bath gas pressure. This impact is due to the
competition between collisional energy transfer and intramolecular rearrangement processes,
producing three distinct domains of pressure dependence.

At the high-pressure limit (which depends on the reactant, temperature, and the nature of
the bath gas) the number of collisions between the reactants and bath gas molecules is so large that
the energy and angular momentum populations maintain an equilibrium Boltzmann distribution.
Therefore, the reaction rate coefficient is pressure-independent at this high pressure, rendering
information about the collisional activation and deactivation unnecessary.

At the low-pressure limit, the reactant bath gas collisions do not happen often enough for
the Boltzmann distribution of energy and angular momentum to be at equilibrium. Therefore, the
number of molecules with enough energy to decompose is reduced, and the rate coefficient falls

under the steady state value achieved at the high-pressure limit. This results in the collisional
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activation and deactivation and, in turn, the pressure to become rate-limiting or rate-influencing
parameters.

At intermediate pressures, the relationship between the reaction rate coefficient of the reactant
and bath gas mixture is no longer linear with changing pressure. At intermediate pressures, both
collision-induced transition and decomposition rates play an important role in the kinetics. This is
referred to as the ‘falloff region,” a state at which an accurate evaluation of the pressure conditions
of the reaction becomes critical to determining the rate parameters of the decomposition process.
The ability to predict this pressure dependence of the reaction is an important part of chemical
kinetic modeling and the validation of these models through experimental results [3]. Prior
theoretical kinetics work has employed simple estimation models for the collisional transition
rates, with parameters modified to match available experimental data[4], [5]. This simplification
limits the utility of theoretical Kinetics as a mechanism development tool. Empirical theories are
effectively limited to interpolations and extrapolations of the pressure and temperature ranges for
reactions that have already been studied experimentally[3]. Correlation of the energy transfer
parameters with physical properties (e.g., molecular size, collision bath gas, reaction temperature)
provides some predictive ability, but currently, such correlations are not well determined and
introduce additional uncertainties in the rate estimates.

This is further complicated in the case of micro-reactor experiments where the effective
pressure value experiences a strong axial gradient [6]. As described in Chapter 6, the acceleration
of flow produced due to the strong differential in inlet and outlet pressures in the experimental
setup obscures the accurate determination of pressure along the reactor. Additionally, Guan et
al.[6] showed through computational fluid modeling simulations that the pressure varies strongly

as a function of the wall temperature of the micro-reactor. This makes the accurate validation of
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theoretical models using experimental data produced from these experiments challenging. To
address this shortcoming, the modified nozzle reactor geometry described in Chapter 6 and
fabricated using the novel processing method detailed in Chapter 7. The nozzle reactor achieves
stabilization in the fluid flow profile within the reactor, making it possible to estimate the pressure
inside the device. Further, compared to the tube reactor, the nozzle reactor's enhanced surface
finish reduces any localized flow disruptions that improve the pressure estimation and reaction
modeling.

In addition to the stabilization of fluid flow characteristics within the reactor, simulation results
by T. Fan [7] showed that it is possible to ‘tune’ the pressure inside the reactor geometry by altering
the exit diameter of the nozzle reactor. This was validated by producing a series of silicon carbide
nozzle micro-reactors with a range of exit diameters. The following section describes the
computational fluid modeling studies on these reactor geometries and experimental validation

studies.

8.2 Computational Fluid Modeling (CFD) Evaluations

Table 8.1 summarizes the dimensions of the four reactors evaluated as part of the
computational fluid modeling efforts. Three prototype evaluation reactors were produced featuring
an internal taper with a major diameter tapering to a smaller exit diameter. All reactors feature an
exit diameter of 2 mm to interface with the experimental setup described in Chapter 2. All four
geometries are of the same length (28 mm) to reduce any dimensional impact on the residence
time. The wall thickness of each of these geometries is also identical to ensure that the heat transfer
across the walls of these reactors is also similar. These geometries are produced using the Calix

High Strength 2 SiC materials system using the isostatic pressing method detailed in Chapter 7.
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Table 8.1: Summary of the prototype reactor dimensions utilized as part of the micro-reactor

validation studies.

Major Exit Transition
Reactor Type Length
Diameter | Diameter Length
Tube Reactor (Chen) 1 mm 1 mm 28 mm -
Nozzle Reactor
1 mm 0.650 mm | 28 mm 1.5 mm
(P1650)
Nozzle Reactor
1 mm 0.400 mm | 28 mm 1.5 mm
(P1400)
Nozzle Reactor
1 mm 0.200 mm | 28 mm 1.5 mm
(P1200)

The validation of fluid flow behavior within the manufactured reactors was carried out using
ANSYS FLUENT using the method described in Chapter 6 and detailed in work by T. Fan. [7]
FLUENTI[8] is a commercially available CFD package that enables modeling across a range of
cases from applicable cases from uncompressible to highly compressible flow. The choice of
FLUENT was motivated by the convergence speed and accuracy of the tool, in addition to reducing
any software-based inconsistencies with previously calculated values. The use of the inbuilt
meshing tool further reduced computational time and improved solution consistency across runs.

A simplified reactor geometry was developed to simulate fluid flow behavior upstream of the
reactor as well as the region downstream of the reactor. A representation of the reduced MESH

geometry is shown in Figure 8.2.
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Figure 8.2: MESH geometry generated using SpaceClaim in ANSYS to model flow into the
reactor geometry. Average mesh sizes at all regions outside of the reactor is 0.15 mm with the
reactor mesh size at 0.01 mm

The geometric dimensions of these spaces are chosen to be large enough that they accurately
capture fluid flow features before and after the reactor while being small enough to be
computationally cost-effective. The geometry is defined to be axis-symmetric to ensure that all
critical measurements are made along the axis of the reactor. The mesh generated features a 0.3
mm node size, with the grid dimensions decreased to 0.1 mm at the reactor location to produce
more accurate results. The inlet boundary conditions are specified downstream of the reactor
geometry, with the outlet set at the exit of the reactor. The inlet conditions are defined through a
flow rate value of 3.527 e-7 kg/s of helium. This translates to a volumetric flow rate of 200 sccm,
miming actual experimental conditions where at least 99.9 % of all the fluid entering the reactor
by volume is helium. A temperature profile is applied to the exterior wall of the reactor with the
peak temperature set at 1600K. A plot of the variation in internal wall temperature as a function of
axial length is inset in Figure 8.2.

Simulations were carried out with the reactor material conditions defined per the specifications
of the Calix High Strength 2 SiC system. The standard energy transfer model is employed with the
total energy calculated as a sum of the internal, kinetic, and potential energy. The energy equation
is solved by the application of the standard equation of state and thermodynamic relations.

Calculations are made while treating the helium flowing through the system as an ideal gas with

199



the viscous model set to laminar flow. At the inlet, pressure is defined by the inlet flow rate with
a temperature of 300 K to simulate experimental conditions. The outlet of the reactor is set to
mimic the very low-pressure conditions of the experiment by choosing a pressure value of -999
Pa.

Initial simulations were used to validate the results obtained against the work of T. Fan. This
was accomplished through the creation of a test geometry featuring an exit diameter of 0.100 mm
with an inlet flow rate of 8.4 e-7 kg/s. With this complete, the four reactor geometries in Table 1
were evaluated for the pressure within the reactor as well as the velocity of fluid flow. A
comparison of the pressure from the inlet to the outlet is shown in Figure 8.3, with pressure in torr
along the y-axis and the centerline axial length. From the plot, it is observed that there is a
stabilization in the fluid pressure at approximately 3 cm from the inlet of the reactor. This
stabilization continues till roughly the center of the transition to the reduced diameter exit, where
there is a steep drop-off in pressure. The stable pressure increases with a reduction in the exit
diameter of the reactor, with the P1200 (with a 0.200mm) exit diameter showing the highest
stabilized pressure of 80 torr at the inlet of the reactor. The pressure at the inlet of the P1400 nozzle

reactor is at 55 torr with the P1650 nozzle reactor at 42 torr.
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Figure 8.3: Comparison of pressure as a function of axial length between four nozzle reactor
geometries evaluated P1650 (0.650 mm exit diameter), P1400 (0.400 mm exit diameter), P1300
(0.300 exit diameter) and P1200 (0.200 exit diameter)

The pressure at the inlet of the P1200 nozzle reactor is about twice the inlet pressure of the
Chen reactor (with an inlet pressure is about 46 torr). This is shown in Figure 8.4. At approximately

midway through the geometry, pressure in the P1200 nozzle reactor is at 135 torr as compared to

the Chen reactor, where the pressure is at 35 torr.
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Figure 8.4: Comparison of pressure as a function of axial length between the nozzle reactor
geometry P1200 and the Chen reactor (tube configuration)

A similar evaluation of the velocity was carried out to show the stabilized velocity profiles for
fluid in the nozzle reactor geometries. A consequence of the reduced diameter of the exit of the
reactor is the lowering of the stabilized velocity profile in the reactor. The velocity stabilization is
achieved approximately at the same location as the pressure stabilization, indicating a zone of
uniform properties within the reactor at which the pressure, velocity, and residence times can be
evaluated as a function of temperature. At the inlet, the velocity is at its lowest in the case of the
P1200 reactor at an average value of 110 m/s, with the highest being for the P1650 reactor at an
average value of 417 m/s. The velocities ramp up at approximately midway through the transition
region before reaching the hypersonic speeds in the case of the P1200 at the outlet. A comparison

of the velocities is shown in Figure 8.5.
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Figure 8.5: Comparison of velocity as a function of axial length between four nozzle reactor
geometries evaluated P1650 (0.650 mm exit diameter), P1400 (0.400 mm exit diameter), P1300
(0.300 exit diameter) and P1200 (0.200 exit diameter)

A comparison of velocity profiles between the P1200 reactor and the Chen reactor shows the
dramatic rise of velocity in the case of the Chen reactor. This is in direct contrast to the nozzle

reactor, where the velocity is stabilized at a value of m/s through most of the reactor. This is

shown in Figure 8.6.
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Figure 8.6: Comparison of velocity as a function of axial length between the nozzle reactor
geometry P1200 and the Chen reactor (tube configuration)

An important consequence is an increase in the residence time of the fluid within the reactor.
This is due to the reduced velocity of the fluid in the system because of the flow being ‘throttled’
by the presence of the constriction at the exit. Figure 8.7 shows the variation of fluid residence
time as a function of varying exit diameters. These results were simulated at 1600K reactor wall
temperature with the inlet flow conditions at 200 sccm of helium. The residence time increases

non-linearly with reducing exit diameter. The fluid is slowest in the P1200 reactor at 290

microseconds and fastest in the Chen reactor at 115 microseconds.
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Figure 8.7: Variation of fluid residence time in the nozzle reactor as a function of the exit
diameter (P1650 (0.650 mm exit diameter), P1400 (0.400 mm exit diameter), P1300 (0.300 exit
diameter) and P1200 (0.200 exit diameter)

These simulations highlight the presence of a stable fluid flow region within the reactor
where the pressure, velocity, and temperature within the system can be ascertained through
simulation results. These are important parameters in the validation of chemical kinetic models,
which rely on experimental data to produce mechanisms that can be scaled to predict complex
molecular behavior across a range of conditions. The ability to vary the experimental pressure and
temperature by changing the reactor geometry provides experimentalists with a facile tool to study

the effects of these conditions on fundamental decomposition chemistry.

8.3 Experimental validation of nozzle reactors using photoionization
mass spectrometry

The impact of varying the pressure within the micro-reactor geometry was evaluated using the

photoionization mass spectrometry setup on multiple chemical systems. Molecules were chosen
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such that there was an observable difference in their unimolecular decomposition or secondary
reaction within the pressure and residence time range provided by the three nozzle reactors in

comparison to the Chen reactor.

8.3.1 Anisole
Anisole is an important fuel additive that has been demonstrated to reduce the emissions

produced in diesel engines, with a 10% anisole—diesel blends producing much lower emissions as
compared to neat diesel in a study carried out by Zhou et al. [9]. Tian et al.[10] demonstrated the
effective increase in octane number of gasoline when blended with anisole and other lignin-based
aromatics. Anisole is a key component of biomass pyrolysis fuels, forming the feedstock for a
range of biofuels[11]. It is among the simplest chemical systems that can be used to simulate the
decomposition behavior of lignocellulosic biomass in an experimental setup. Additionally, anisole
has been identified as an important source for forming numerous reactive intermediates linked
with the creation of polycyclic aromatic hydrocarbons (PAHs)[12]. The formation of these PAHs
has been the focus of numerous studies for their role in the formation of soot across combustion
processes[13], [14].

The generation of the first aromatic ring is a vital step in the formation of PAHSs, and the
reactive chemistry of resonantly stabilized radicals plays a role in this process[15]. Radicals such
as propargyl and cyclopentadienyl are stable under extreme pressure and temperature conditions,
allowing them to remain in combustion environments[11]. This results in a significant build-up of
these species, thereby influencing the chemistry of these combustion systems. The presence of a
weak O-CHz bond makes anisole an ideal candidate for evaluating the chemistry of phenoxy,

cyclopentadienyl, and propargyl radicals[12].
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Previous evaluations have focused on understanding anisole combustion, including the
evaluation of rate constants, species profiles, and global combustion parameters. Lin and Lin [16]
determined the rate constant for the decomposition of anisole to cyclopentadienyl radical and CO
by studying decomposition reactions in the temperature range of 1000-1580K and pressures 0.4 —
0.9 atm. This study highlighted the formation of ortho- and para-cresols as isomers of toluene at
room temperature. Mackie et al. [17] demonstrated that most of the oxygen remains bound to the
phenol and cresol after pyrolysis and not in the CO. This result was arrived at by studying pyrolysis
between 850-1000K and 0.16 — 1.2 atm pressure. Arends et al.[18] developed the reaction
mechanism for the thermolysis of anisole in a hydrogen atmosphere using a flow reaction at
temperatures of 793-1020K. In 1997, Pecullan et al. [19] developed a primary reaction mechanism
for the decomposition of anisole and validated it against flow reactor pyrolysis and oxidation
experiments at atmospheric pressure and a temperature of 1000K. A comprehensive kinetic study
of the decomposition and pyrolysis of anisole was carried out by Nowakowska et al.[20] through
the creation of a mechanism built on the oxidation of ethylbenzene studied by Husson et al.[21]
The main decomposition occurs by the formation of phenoxy radicals, and stable main products
are phenol, methane, CO, benzene, and hydrogen. In 2018 Wagnon et al.[22] presented a new
mechanism for anisole and validated it through experimental pyrolysis and oxidation studies of
anisole in a jet-stirred reactor at atmospheric pressure and 675-1275 K. Yuan et al.[11] also carried
out a comprehensive modeling and experimental evaluation of anisole using a flow reactor at 0.04
atm and 1 atm between 850 and 1160 K using a synchrotron vacuum ultra-violet photoionization
diagnostic. The study proposed that at lower temperatures, the phenoxy radical is mainly consumed
via recombination with methyl radical, producing methyl-cyclohexadienone. As the temperature

is raised, decomposition is dominated by the breakdown of phenoxy radical to cyclopentadiene
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and carbon monoxide. Bierkandt et al.[23] investigated flame structures of premixed anisole fames
using photoionization mass spectrometry and photoelectron spectrometry at two synchrotron
sources where tunable vacuum-ultraviolet radiation enables isomer-resolved photoionization. This
study concluded that there are three main routes to the destruction of anisole, first, the formation
of benzaldehyde at lower temperatures and in leaner flames; second, the formation of phenol, and
the unimolecular decomposition to phenoxy and methyl radicals.

In 2001, Friderichsen et al.[24] used the Chen reactor to pyrolyze anisole to understand the
decomposition pathways that lead to the formation of known soot precursors in the form of
cyclopentadienyl radical and propargyl radical. This study also identified the formation of 9,10 —
dihydrofulvalene, the adduct of the reaction of two cyclopentadienyl radicals, in addition to the
formation n of naphthalene, confirming the successive reactions to form PAHSs. This was followed
up by an investigation of anisole pyrolysis by Scheer et al. [12] using photoionization mass
spectrometry and resonance-enhanced multiphoton ionization (REMPI) techniques and a Chen
micro-reactor. This study showed that benzene formation as a secondary bimolecular reaction
product was likely due to methyl radical, and cyclopentadienyl radical reaction compared to direct
propargyl recombination.

Investigating the pressure dependence of this bimolecular route to the formation of benzene is
a critical step to understanding the influence of combustion conditions on forming PAHSs. For the
first time, the nozzle reactors enable the investigation of these reactions' pressure dependence by
changing the geometry's exit diameter. The likely effects of varying the pressure and providing a
stable reacting environment will provide valuable experimental results which can be used to
validate chemical kinetic models. Additionally, a deeper understanding of the temperature

dependence of the intermediate steps in the decomposition and recombination reactions is of
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crucial interest because propargyl radical, cyclopentadienyl radical, and phenoxy radical are

important precursors for the formation of PAHs and hence soot.

8.3.1.1 Experimental methods

Pyrolysis experiments were carried out using the nozzle reactor P1650 and P1400, along
with comparison runs with the Chen reactor in conjunction with the photoionization mass
spectrometry for species detection. Experimental details and the process have been described in
Chapter 2. In brief, anisole is studied by entraining a dilute sample of the compound in helium.
The following compounds were analyzed — anisole (Sigma Aldrich, > 98% purity), anisole d3
(Sigma Aldrich, > 97% purity), and anisole d8 (Sigma Aldrich, >97% purity). The vapor pressure
of these compounds is large enough for mixtures in the concentration range of 0.1%, 0.05%, and
0.025% in helium could be prepared manometrically in standard lecture bottles. The sample
mixture flows into the experimental setup and the reactor through an MKS 4B01 series mass flow
controller.

The micro-reactor assembly consists of the chosen SiC micro-reactor of 30 mm length with
a 1 mm inner diameter. The reactor is resistively heated to 1800K through Carbon discs fitted to
the reactor’s outer diameter. These discs are approximately 15 mm apart and form the contact
points for the electrical circuit used to resistively heat the reactor. The reactor material is chosen
for its ability to withstand very high temperatures and thermal cycling while remaining inert and
not participating in any of the pyrolysis reactions. The temperature at the exterior surface of the
reactor is monitored by a TIM Microtek thermal camera between the two heating points (details
of the camera and the measurement process are provided in Chapter 2).

In the PIMS experiment, gases flow continuously through the reactor with the products

exiting the reactor entering a 0.2 mm diameter molecular beam skimmer. The resulting beam is
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intersected and ionized by the 9th harmonic of a Nd:YAG laser (118.2 nm or 10.487 eV). The laser
is aligned with the flow entering an ionization chamber maintained at 5 X 10-7 torr by a 1200 L/s
Pfieffer TPU 1201 P turbomolecular pump. The internal frequency tripled output of a Nd:YAG
laser is directed into a cell that is pressurized to 150 Torr with a 10:1 argon:xenon mixture. This
mixture is optimized to promote sum frequency generation that creates 118.2 nm VUV photons,
which have sufficient energy to ionize most hydrocarbons molecules. The generation of 118.2nm
photons by Xe/Ar tripling cells has been studied at great length. Use of 30 mJ pulse per pulse
power at 355 nm from the YAG laser and the established tripling efficiency of 1x10-5 in pure
Xenon as well as the transmission efficiency of the MgF2 lens, we expect to produce roughly 30
nJ per pulse at 118.2 nm light. Post ionization, the molecules in the expansion are accelerated into
a Jordan reflectron time of flight spectrometer with a Micro Channel Plate (MCP) detector
producing voltage signals which are converted to digital traces in an interfacing computer. This

data is converted into a spectra format and is analyzed for the decomposition products.

8.3.1.2 Experimental results

The experimental spectra obtained for the decomposition of 0.1% anisole in helium in the
Chen reactor are presented first, followed by the results at the same concentration using the nozzle
reactor. The spectra from the evaluations are presented in Figure 8.8. Along the y-axis, signal
intensity in arbitrary units is shown with the mass over charge m/z shown in the x-axis. Results
are presented at six different temperatures — 300 K (room temperature), 900 K, 1200K, 1400K,
1600K and 1800K. At room temperature, the parent peak is visible at m/z 108, with the C13 peak
at m/z 109. The molecule shows very little dissociative ionization, as no other major fragmentation
peaks are visible at this temperature. As the temperature is raised to 900 K, the parent molecule

remains stable inside the Chen reactor, and no fragmentation is observed. There is an increase in
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the signal intensity of the parent molecule at m/z 108, this is attributed to the low-temperature
isomerization of anisole to cresol (which has a slightly higher ionization cross section as compared
to anisole), this is consistent with the flow reactor and synchrotron experiments by Yuan et al.
[11]. The first signs of decomposition are observed at 1200K when a peak is seen at m/z 93. This
corresponds to the formation of phenoxy radical (m/z 93) after the cleavage of the carbon-oxygen
bond in the O-CHs group of anisole. This reaction (R1) is shown below:

CH;

—_— + +CH;

(1)

The formation of phenols is due to the recombination of phenoxy radicals with H-atoms present in
the system. This has been shown as a likely recombination pathway in work by Bierkandt et al.
[23] and Yuan et al. [11]. However, this is not reported in the previous work by Friderichsen et al.
[24] or Scheer et al. [12]. A likely explanation for this could be the increasing likelihood of picking
up H-atoms in a continuous flow system as compared to the pulsed valve system used previously
at CU Boulder. As temperature increases further to 1400K, anisole undergoes secondary

decomposition to produce cyclopentadienyl radical (CPDR) (m/z 65) and CO through reaction R2.

5o

Carbon monoxide is not visible in this experiment as its ionization energy is greater than what is
produced by the fixed wavelength source used in this experiment. The presence of CO, however,
has been confirmed previously by Friderichsen et al. [24], Yuan et al. [11], and Bierkandt et al.
[23] using the Matrix FTIR experiment and synchrotron ionization sources. At temperatures

beyond 1600K, CPDR further decomposes into propargyl radical (m/z 39) and acetylene (m/z 26)
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(not visible due to a high IE of ). The energy barrier of this reaction was calculated to be about
62.3 kcal/mol by Moskaleva et al. At these elevated temperatures, a recombination reaction occurs
between the CPDR and methyl radical to form methylcyclopentadiene (MCPD) (m/z 80).

This reaction is noted in Scheer et al. [12] as being an important route to the formation of high
molecular weight precursors to PAH growth through anisole breakdown. The formation of MCPD
is also affected by concentration, with the high concentration runs in the Chen reactor showing a
larger amount of MCPD followed by the high-temperature decomposition of this molecule to

benzene (m/z 78).
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At temperatures beyond 1600K, nearly all the CPDR is consumed by decomposition reactions to
produce propargyl and acetylene, as well as alternative recombination routes featuring diacetylene

(m/z 50) and diacetylene (m/z 52)
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Figure 8.8: PIMS of 0.1% anisole in He in the Chen micro-reactor at 200 SCCM heated from
300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons

A similar series of peaks is observed during the decomposition of acetylene in the P1650
nozzle reactor, at 0.1%, the signal intensities are much higher in the nozzle reactor. This is likely
due to the variation in expansion produced at the exit of the nozzle reactor. The 0.650 mm
constriction at the exit of the reactor is responsible for stabilizing and raising the pressure inside
the reactor. At the elevated pressures of the P1650 nozzle, a higher degree of decomposition is
observed at lower relative temperatures to the nozzle reactor. At 1200K, relative peak heights are
much larger, with a greater degree of decomposition of the parent molecule (m/z 108). Also
observed is a strong peak at m/z 80 corresponding to the recombination of CPDR (m/z 65) and
methyl radical (m/z 15) through reaction R3. At 1400K, the presence of a sharp peak at m/z 39
(propargyl radical) is observed, along with a peak at m/z 40 (propyne) is observed. The presence

of propyne is attributed to the decomposition of phenol (m/z 94) into 1,4 butadiene (m/z 54) and
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propyne. As the temperature is raised, successive decomposition reactions to produce benzene
(m/z 78) are noted from the MCPD (m/z 80) through the loss of 2 hydrogen atoms. This is an
important reaction due to the link between benzene as a known soot precursor and the relation
between the successive decomposition reactions to the elevated pressure within the reactors. At
1800K, only the secondary decomposition and recombination peaks remain, with a sharp peak at
m/z 78, confirming the high-temperature stability of benzene and benzyne radicals. The spectra

from the evaluations are presented in Figure 8.9.
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Figure 8.9: PIMS of 0.1% anisole in He in the P1650 nozzle micro-reactor at 200 SCCM heated
from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons

The recombination of propargyl radicals (m/z 39) to benzene (m/z 78) has been studied
extensively as a possible contributor to the formation of polycyclic aromatic hydrocarbons (PAHS).

This was probed as a possible route to explain the increased signal fraction of benzene in the
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spectra m/z 78. Scheer et al.[12] studied the decomposition of high concentrations of propargyl
bromide in the Chen reactor to map the contribution of propargyl recombination to form benzene.
Results from these experiments confirmed that this was not a direct route to the formation of
benzene in the short residence time and lowered pressure conditions of this system. Additionally,
in the nozzle reactor setup, the formation, and consumption of MCPD (m/z 80), provides a more
likely direct route to the formation of benzene (m/z 78). A comparison of the normalized signal

intensity is shown in Figure 8.10.
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Figure 8.10: Normalized signal height for the decomposition of 0.1% anisole as a function of
temperature in the Chen reactor (on the left) and the P1650 nozzle reactor (on the right)

A series of concentration evaluations were conducted using the Chen reactor and P1650
nozzle reactor to understand the impact of concentration on the decomposition pathways and
recombination reactions. The decomposition of 0.05% anisole in helium was studied through the
Chen reactor, and the spectra obtained in shown in Figure 8.11. At lower concentrations, the signal
intensity reduces, along with the formation of MCPD (m/z 80) at increased temperatures beyond
1400K. Due to the lower number of collisions experienced at this condition, the concentration of

reactants is shown to play an important role in the formation of recombination products and hence
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soot precursors. In contrast to this, the recombination reactions in the P1650 nozzle reactor (spectra
shown in Figure 8.12) continue to occur, indicating that at the stabilized pressures in these reactors,

the formation of MCPD (m/z 80) and benzene (m/z 78) continues.

0.05% anisole/He m/z 108 amu
IE: 8.25 + 0.03; 200 SCCM;Chen Reactor
39
15
© I 1800K
(2] .
5
o 65
@
5
Py | | 1600K
= !
o
s
[}
~
© 93 1400K
= I ]. J
o l
haot
£
c
N
© 94 1200K
- " M
108
900K
300K

10 20 30 40 50 60 70 80 9 100 110 120 130
m/z

Figure 8.11: PIMS of 0.05% anisole in He in the Chen micro-reactor at 200 SCCM heated from
300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.12: PIMS of 0.05% anisole in He in the P1650 nozzle micro-reactor at 200 SCCM
heated from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons

A comparison of the normalized signal heights between the two reactors indicates that in
the Chen reactor at 0.1% of anisole, the amount of benzene (m/z 78) produced is 2% of the total
signal, as compared to nearly 18% in the P1650 nozzle reactor. The fraction of benzene formed at
0.05% reduces proportionate to the change in concentration in the case of the Chen reactor at about
1 % of the total signal, but the change is less significant in the case of the nozzle reactor at a

maximum of 12%. This is shown in Figure 8.13.
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Figure 8.13: Normalized signal height for the decomposition of 0.05% anisole as a function of
temperature in the Chen reactor (on the left) and the P1650 nozzle reactor (on the right)

A further reduction in concentration was used to confirm the trends observed previously

between the 0.1% and 0.05% runs. At this reduced concentration (0.025%), the amount of benzene

formed dropped by a factor of 2 (linearly) with a reduced concentration of 0.05% of the total signal.

In the case of the P1650 reactor, the reduction was 4% of the total signal height. The PIMS spectra

for the Chen reactor and P1650 nozzle reactor are shown in Figure 8.14 and Figure 8.15,

respectively.
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Figure 8.14: PIMS of 0.025% anisole in He in the Chen micro-reactor at 200 SCCM heated
from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.15: PIMS of 0.025% anisole in He in the P1650 nozzle micro-reactor at 200 SCCM
heated from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.16: Normalized signal height for the decomposition of 0.025% anisole as a function of
temperature in the Chen reactor (on the left) and the P1650 nozzle reactor (on the right)

In addition to the Chen reactor and P1650 nozzle reactor, experiments were conducted with

the P1400 nozzle reactor. This geometry features a smaller exit diameter of 0.400 mm. This results

in a higher stabilized pressure in the reactor coupled with an increased residence time. The

spectrum obtained from experiments with 0.025% anisole in helium using the P1400 nozzle reactor

is shown in Figure 8.17. A comparison of the percentage of benzene (m/z 78) in the decomposition

products indicates values in the range of 15 — 25 %, almost double the values seen in the P1600

reactor. A larger fraction of benzene indicates that the increased stabilized pressure and residence

time in the P1400 reactor system encourages recombination reactions between CPDR and methyl

radical to produce MCPD, which can then decompose at higher pressures to form benzene (m/z

78).
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Figure 8.17: PIMS of 0.025% anisole in He in the P1400 nozzle micro-reactor at 200 SCCM
heated from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.18: Normalized signal height for the decomposition of 0.025% anisole as a function of
temperature in the P1400 nozzle reactor (on the right)

Photoionization mass spectrometry (PIMS) experiments were carried out using the Chen
reactor and nozzle reactor (P1650 geometry), to study the pyrolysis of two deuterated anisole
isomers. The PIMS spectra for the decomposition of 0.1% d3-anisole using the Chen reactor and
P1650 nozzle reactor are shown in Figure 8.19 and Figure 8.20. As expected, the primary
decomposition and recombination reactions are the same in the case of d3-anisole. The peaks at
m/z 94, 93, 65, and 39 are not shifted due to the analogous routes to non-deuterated anisole. The
parent d3-anisole and methyl radical peaks are shifted three units with additional peaks at m/z 15
corresponding to alternate decomposition routes of smaller primary pyrolysis fragments. Also of
note is the presence of a sharp peak at m/z 83 in the case of the nozzle reactor, confirming the
recombination of d3-methyl group with the cyclopentadienyl radical to form an adduct which then

decomposes to form partially deuterated ring-like structures.
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Figure 8.19: PIMS of 0.1% d3-anisole in He in the Chen micro-reactor at 200 SCCM heated

from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.20: PIMS of 0.1% d3-anisole in He in the P1650 nozzle micro-reactor at 200 SCCM
heated from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons

In the case of dg anisole, each peak is shifted as expected according to complete deuteration.
Spectra from 0.1% dg-anisole in the Chen reactor and P1650 nozzle reactor are shown in Figure

8.21 and Figure 8.22.
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Figure 8.21: PIMS of 0.1% d8-anisole in He in the Chen micro-reactor at 200 SCCM heated
from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.22: PIMS of 0.1% d8-anisole in He in the P1650 nozzle micro-reactor at 200 SCCM
heated from 300 to 1800 K and ionized by 118.2 nm (10.487 eV) photons

8.3.2 Furan

The requirement to investigate alternates to primary fossil fuels and first-generation biofuels
such as ethanol has resulted in significant research into the production and application of furan and
its derivatives, such as dimethylfuran (DMF) and methyl furan (MF). DMF, in particular, is a
promising biofuel as its performance rivals gasoline in IC engines while possessing an energy
density (approximately 34.8 MJ/kg) similar to gasoline and significantly better than ethanol. Furan
is the simplest resonantly stabilized heterocyclic compound with an oxygen atom with a high
degree of unsaturation. The presence of unsaturated bonds coupled with the aromatic ring structure
has been linked to the formation of soot precursors during the combustion process.

Previous investigations of furan have focused on understanding the primary decomposition

routes of furan. Grela et al.[25] were among the first to study the low-pressure pyrolysis of furan,
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MF, and DMF in a flow reactor at low pressure (1 mtorr) between 1050 K and 1270K and proposed
that the route to forming CO was dominant for all three compounds. They were also among the
first to note the formation of biradicals as being important intermediates in the pyrolysis of furan.
Lifshitz et al. [26] studied the decomposition of furan behind shock waves at higher pressures of
2-3 atm over a temperature range of 1050-1460K. This effort involves using gas chromatography
and mass spectrometry to calculate the rate constants for the decomposition of furan to be eight
times the value calculated previously [25]. In 1991, Organ and Mackie [27] extended the shock
tube temperature between 1100 — 1700K and at higher pressures of 15 — 22 atm and detected
several species as a result of the enlarged temperature and pressure envelope. This work. Fulle et
al.[28] further expanded the envelope of the study across a temperature range of 500 — 3000K and
used laser-schlieren densitometry and time-of-flight (TOF) mass spectrometry to identify the two
primary decomposition channels via the formation of intermediate carbenes. They noted that at
lower temperatures, the decomposition channel forming propyne and CO were dominant, while at
higher temperatures (approximately 1700K), a channel switch occurs, forming acetylene and
methy| ketene. These studies formed the basis for providing valuable experimental data to validate
kinetic models developed to predict furan decomposition processes [11], [26], [29]-[32].

Sendt et al.[31] developed a simple pyrolysis model featuring reactions based on theoretical
calculation and estimation. Tian et al.[30] developed a comprehensive mechanism including 206
species and 1368 reactions and validated it against low-pressure premixed flame studies and
pyrolysis results. In 2013, Somers et al. [33], [34] developed a detailed mechanism which was
built upon by Cheng et al.[32], [35]. These studies featured methyl furan decomposition evaluated
using a synchrotron-based ionization source. An evaluation of furan decomposition by Cheng et

al. [36] in 2017 featured a low-pressure laminar flow reactor (30 torr), where the authors noted
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that the primary contributor to the formation of propargyl radical (CsH3) was from propyne instead
of directly from the pB-carbene.

Experimental evaluations of the furan pyrolysis were also carried out using the photoionization
mass spectrometry (PIMS) and matrix Fourier transform infrared (FTIR) setups and the Chen
reactor, first by Vasiliou et al.[37] and then by Urness et al. [38]. The initial evaluation by Vasiliou
et al. [37] showed that the two primary decomposition routes for Furan forming the alpha carbene
and beta carbene, could be accessed in the short residence times of the Chen reactor. The
combination of mass spectrometry and infrared spectroscopy enabled the identification of all the
important decomposition products, except for formyl radical, which was thought to be too short-
lived for detection. These studies also demonstrated that in the short residence time of the Chen
reactor, the isomerization of propyne (m/z 40) to allene, was not detected. Urness et al.[38]
explored the relationship between the temperature of the reaction and the distribution of the two
primary decomposition routes shown below. This was carried out using a similar Chen reactor and

using a synchrotron-based tunable ultraviolet ionization source.
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Liu et al.[39] and later Sendt et al.[31] applied computational techniques to be among the first

to propose that furan decomposes through two separate pathways that involve a pair of carbenes.

The a-carbene was computed to decompose to acetylene (m/z 26) and methyl ketene (m/z 42),

while the pB-carbene is predicted to isomerize to formyl allene, which breaks down into propyne

(m/z 40) and carbon monoxide (m/z 28). These results were confirmed by Fulle et al. [28] and later

by independent evaluations using the micro-reactor setup.

Urness et al. [38] examined the pyrolysis of furan -d0 and furan d4 in a micro-reactor using a

tunable PIMS setup to arrive at the following reaction scheme, confirming the previous reaction

pathway:
Furan (+M) = [a — carbene] > HC =CH + CH, = C =0 (R 8.1)

Furan (+M) = [B — carbene] - CH;C = CH + CO (R 8.2)

Furan (+M) = [ — carbene] -» HCO + HCCCH, —» H+ CO + HCCCH, (R 8.3)
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They proposed that as temperature increased, the distribution of furan going to the a-carbene
route increased from an initial value of less than 10% to approximately 20% of the flux at 1600K.
The authors note that the branching ratio of a-carbene to B-carbene could also be affected by the
pressure at which pyrolysis occurs. This hypothesis forms the basis for an evaluation of the
decomposition of furan using the nozzle reactor geometries — P1650, P1400, and P1200. With a
reduction in diameter, the fluid flow pressure in the interior of the reactor is simulated to be
stabilized and increased. If the branching ratio is pressure dependent, then the results should

indicate an increase in the amount of furan decomposing to a-carbene and its secondary products.

8.3.2.1 Experimental methods

The experimental photoionization mass spectrometry method used to detect the species
produced because of pyrolysis is identical to the technique described in Section 3.1.1 and Chapter
2. A summary is presented next; a mixture of 0.025% furan in helium is prepared using a method
of partial pressures in a stainless-steel tank. This mixture is then supplied into the experimental
setup and the micro-reactor assembly using a commercial mass flow controller (MKS P4B 0-200
sccm N2) at a flow rate of 200 sccm. The pressure upstream of the reactor is measured using a
capacitance manometer. Approximately 1.5 cm of the reactor is resistively heated, and the
temperature of the outer wall is measured with a TIM Microtek infrared thermal camera. The
molecular beam exiting the reactor is interrogated by synchrotron radiation about 10 cm
downstream from the skimmer. The ions were detected using a microchannel plate, and the signal
was recorded by ion counting. Four different micro-reactor configurations were evaluated. These

geometries are described in Table 1.
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8.3.2.2 Measurement of product ratios via photoionization

Photoionization has the ability to quantify the composition of gas mixtures. lonization of a
neutral target such as furan produces an ion signal proportional to the target concentration in the
area sampled by the photon source. A detailed explanation of the analysis of the signal is presented
in Chapter 2. A summary is described here. The PIMS signal in a dilute gas can be understood by
a formulation of Beer's law [38], [40]. For photoionization, the ion signal is a function of the
number of molecules in the interaction region, the VUV photon flux through the volume, and the
photoionization cross-section. However, the absolute value of neither the volume nor the photon
flux is known. The volume can be estimated with some uncertainty; however, it can also be
gathered into an empirical constant obtained by calibration, which ultimately cancels when taking
ratios. The photon fluxes are measured using a photodiode. In the calculations for furan, since all
species are ionized using the same ionization source and ionizing event, these terms cancel out.
Therefore, to a first approximation, the photoionization signal Si* due to species i can be written

as

Si* = Cni¢p(E)ai(E) (8.1)
Where ni is the number density of a particular species in the interaction volume, ¢(E) is the
photon flux at a given photon energy, and ci(E) is the molecule's photoionization cross-section at
the given photon energy. Here the signal Si+ refers to the total ion counts summed over the desired
mass peak and normalized on the sampling time or the number of scans. Equation (8.1) ignores
that, because of differential diffusion, mass differences, and other factors, molecules of differing
mass and collision cross-sections will be detected with different efficiency. This effect is

considered by defining a mass discrimination factor D; that is empirically determined by
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calibration. Incorporating the mass discrimination factor and solving for the number density of the

neutral target leads to:

st

CDi®(E)o;(E) (8.2)

n; =
where the constant C contains all the geometry-dependent factors that do not change with differing
masses, which could be obtained by absolute calibration. Using Equation (8.2) to determine the
absolute number density of species can be challenging due to the variability in the value of C.
However, the equation can determine a ratio of number densities, as common terms get canceled
out.

The branching ratio of the pyrolysis products from reaction R 8.1 through R 8.3 as a

function of temperature was first proposed by Urness et al.[38] through the following formulation:

[a—carbene] _ [HCCH] [HCCH] _ [cH,CO] __ [cH,c0] (8.3)

B—carbene €0 ~ [HCCCH,]+[HCCCH3] = [HCCCH,]+[HCCCHs] ~  [cO]

The above formulation was used to plot the ratio of a-carbene products detected to the
number of B-carbene products formed as a function of temperature. The results of this evaluation
carried out between 1300K and 1600K show an increase in the number of a-carbene products
produced as the temperature is increased. This is shown to trend well with simulations by Tian et
al.[30], Fulle et al.[28], and Sendt et al.[31] This work features a similar analysis carried out as a
function of pressure to understand the effects of varying pressure on the branching ratio for the
pyrolysis of furan.

A simplified formulation of Equation 8.1 is applied to relate the signal heights produced
through photoionization to the concentration of species. Where the signal of species i, Siis a
function of the time and energy (E). When this relation is integrated over time, the following

equation is arrived at:

S;(E) =/1*cl-*0i(E)*m}/ (8.4)
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Where A is an instrumentation factor, ci is the time-averaged concentration of species i, oiis the
ionization cross section and m! is the mass of species I, raised to y, which is a mass discrimination
factor. The ratio of a-carbene to B-carbene is determined by taking a ratio of the two signal
intensities to determine the concentration of species. The instrumentation factor is a common term

between both calculations. This results in the following equation:

[a—carbene] _ S _Si « (ﬁ)y (8.5)
P

B—carbene cj Sj  oj m;
An expansion of Equation 8.5 in terms of the data obtained from the PIMS experiment is shown

in Equation 8.6:

a—carbene 1
[B—carbene] ~ G9 0 (8.6)
p Cq2 C42
[a—carbene] _ [CH,CO @10.487 eV] (8 7)
p—carbenelp, - [HCCCH, @10.487 eV]+[HCCCH;@10.487 eV] '

S 14 S 14 . ]
Where 22 = 2 Ja2 4 (@) a0 240, Tz (@) . are the ratio of concentrations of

Caz Saz O30 \Mzo) ' caz Ssz 0s0  \Myo
propargyl radical (m/z 39)[41] , ketene (m/z 40)[42] and propyne (m/z 40)[43]. The values of
ionization cross-section at 10.5 eV for propargyl radical, ketene, and propyne are applied from
existing literature. 1700 K is chosen as the temperature of evaluation based on the assumption that
nearly all the furan in the system would have decomposed at this temperature. The value of y is
set at 0.51 £ 0.11 for the chosen temperature (1700K) based on the calculations by Urness et al.
[38]. The decomposition analysis of furan is carried out at 0.025% furan in helium to reduce the

impact of bimolecular reactions on the spectra obtained.

8.3.2.3 Experimental Results

The photoionization spectra obtained from the decomposition of 0.025% of furan in

helium, studied using a Chen reactor through a temperature range of 300K to 1800K is shown in
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Figure 8.23. To suppress any bimolecular reactions (characterized by the presence of methyl peak
(at m/z 15), evaluations were carried out at 0.025% furan in helium, the highest concentration at
which no bimolecular reactions were observed. At room temperature, the only observable peak is
at m/z 68, corresponding to the parent peak with a small peak at m/z 69, representing the C13 peak
of furan. As the reactor is heated to temperatures between 1300K and 1400K, signals from m/z 40
(CH3CCH, propyne) are observed, along with a faint signal at m/z 42 (CH.CO, ketene). At
temperatures above 1500K, the peak at m/z 40 intensifies along with a smaller peak at m/z 39
(CsHs, propargyl radical). Additionally, Urness et al. [38] noted the presence of some allene (m/z
40, Ho.C=C=CH:) produced through the isomerization of propyne. This is not distinguishable in
the fixed wavelength ionization source used in these experiments, but any signal intensity change
is factored into the calculation for the contribution to the B-carbene route. At 1700 K, the signal
intensity for m/z 39 (propargyl radical) is noted to increase slightly. The origin of the propargyl
radical was originally attributed to an independent decomposition route of B-carbene. However,
more recent experimental and modeling efforts by Cheng et al. [36] note that the formation of

propargyl radical is likely to be from the decomposition of propyne (m/z 40).
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Figure 8.23: PIMS of 0.025% furan in He in the Chen reactor at 200 SCCM heated from 300 to
1700 K and ionized by 118.2 nm (10.487 eV) photons

A similar analysis of the decomposition of furan was carried out using the three nozzle
reactor geometries. The spectra from these experiments are shown in Figure 8.24, Figure 8.25
(P1400 nozzle reactor), and Figure 8.26 (P1200 nozzle reactor). Individual signal heights in mili-

volt are extracted from these spectra to calculate the ratio of a-carbene to B-carbene.
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Figure 8.24: PIMS of 0.025% furan in He in the P1650 nozzle micro-reactor at 200 SCCM
heated from 300 to 1700 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.25: PIMS of 0.025% furan in He in the P1400 nozzle micro-reactor at 200 SCCM
heated from 300 to 1700 K and ionized by 118.2 nm (10.487 eV) photons
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Figure 8.26: PIMS of 0.025% furan in He in the P1400 nozzle micro-reactor at 200 SCCM
heated from 300 to 1700 K and ionized by 118.2 nm (10.487 eV) photons

The ratio of a-carbene to B-carbene is calculated using the expression shown in Equation
8.7. The temperature chosen for these evaluations is 1700K across the four reactor geometries.
The primary products of a-carbene and (-carbene have an ionization energy that lies within the
envelope of what is produced by the fixed wavelength ionization source (10.487 eV). The results

from these evaluations are shown in Figure 8.27.

239



alpha/beta-Carbene ratio in Furan Pyrolysis at 1700 K
20 T T T T T T T

-
oo
1
1

-
[e2]

| I
1

A/. '

—_—
~
(-

-
N
1 L

-
o
1 L

ce
1
1

D
1
1

Alpha-Beta Carbene Ratio (Percentage)
~
|

N

T T T T T T T
Chen Reactor P1650 P1400 P1200
Reactor Variant

Figure 8.27: Ratio of products measured at 10.487 eV from the a-carbene (m/z 42, ketene)

relative to the B-carbene (propargyl, m/z 39 and propyne, m/z 40) as a function of changing
reactor exit diameter (and indirectly pressure)

With a reduction in the exit diameter of the nozzle reactor geometry, the ratio of a-carbene
to B-carbene increases. There is an increase in the branching of the decomposition reaction towards
the a-carbene route, up from about 10 % in the Chen reactor to 14% in the case of the P1200 nozzle
reactor. The values shown in Figure 8.27 are arrived at after averaging multiple experimental runs
in each micro-reactor geometry. This is done to reduce experimental variability. The error bars
shown represent the possibility for variation in results due to the ionization cross-sections for each
of the products as well as the mass discrimination factor y. The results obtained vary within the
bounds of the experimental error observed in the calculations performed by Urness et al. [38]

The overall results qualitatively trend with the effects of increasing pressure and are
consistent with the CFD simulation results in section 8.2 that, showing that a decreasing nozzle
diameter results in a higher stabilized pressure in the reactor system. This increased pressure (and

accompanying residence time), could contribute to a larger fraction of the furan in the reactor
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decomposing through the a-carbene route forming ketene and acetylene. A computational analysis
of these results is currently underway, with reaction rate parameters being determined at the
experimental pressures. The goal of these efforts is to present a combined experimental and
theoretical evaluation of the decomposition of furan, highlighting the pressure dependence of

unimolecular decomposition.

8.4 Conclusion

This chapter outlines the pressure dependence of unimolecular decomposition reactions
along with an experimental evaluation of the nozzle reactor geometries manufactured using the
process described in Chapter 7. The computational fluid dynamics modeling of fluid flow within
four selected reactor geometries is shown. Results from these evaluations highlight the
stabilization of pressure and velocity, validating the initial design studies discussed in Chapter 6.
These results have enabled, for the first time the estimation of pressure values within the reactor
geometry, providing an important parameter crucial for reaction kinetics modeling. Results from
the simulation are used to demonstrate the relationship between the reactor geometry, specifically
the exit diameter of the reactor, and the reactor pressure and residence time. A demonstration of
the impact of this increased pressure and residence time is highlighted through the decomposition
reactions of anisole and subsequent high-temperature recombination reactions leading to the
formation of important soot precursors. The increased pressure conditions within the smallest exit
diameter reactor the P1200, result in a larger fraction of the cyclopentadienyl radical and methyl
radical (produced from the decomposition of anisole) to recombine to form methyl
cyclopentadiene which has been identified as a known soot precursor. This is the first time that in

a micro-reactor environment, a study on the impact of pressure variation has been carried out on
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soot precursor and polycyclic aromatic hydrocarbon formation. A second evaluation of the
pressure dependence of the pyrolysis of furan is presented. This study details the impact of varying
reaction pressure at a fixed temperature on the branching ratio of the thermal decomposition
products of furan. An increasing reaction pressure (and residence time) in the system has been
shown to trend towards a larger flux of decomposition products towards the formation of ketene
and acetylene as opposed to the formation of propyne and carbon monoxide. These experimental
results will prove crucial in the validation of computational modeling efforts to build chemical
kinetic mechanisms to predict the decomposition behavior of a range of fuels and molecules. For
the first time, researchers can ‘select’ the pressure at which a decomposition or combustion
reaction is being studied. Additionally, they can now accurately estimate the value of different
reaction parameters, making model validation even more accurate. This makes the nozzle micro-

reactor a powerful tool in discerning the combustion chemistry of the fuels of the future.
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Chapter 9:  Conclusions and future
research directions

9.1 Thesis summary

The identification of renewable and sustainable sources of energy to power mobility and
meet global energy demands is an essential research focus. The focus on clean energy will rely on
developing accurate chemical kinetic models to predict the behavior and impact of these fuels.
Applying a combined experimental and theoretical approach to link the fundamental behavior of
these fuel molecules and their structure will be central to developing future fuels. Chapters 2 and
3 outlined the experimental and theoretical approach employed in my work to understand the
decomposition behavior and to create chemical kinetic models for the pyrolysis of different organic
molecules.

Chapter 4 highlights the application of this combined approach to discern the nuances of
the pyrolysis behavior of three methylcyclohexene isomers. The difference in sooting behavior of
these isomers is linked to the location of the double bond. The results from the experimental
evaluations were used to validate computational models that discovered the competition in
decomposition routes for 3-methyl-cyclohexene (3MCHe). The presence of a direct pathway to
the formation of benzene via the methyl bond fission, which occurs at similar rates to the retro
Diels-Alder decomposition pathway in 3MCHe, was linked to the location of the double bond in
this isomer. This has been linked to the increased sooting tendency of 3MCHe in comparison to
the other two isomers. The results of these evaluations provide valuable inputs to developing

higher accuracy models and automated tools for predicting fuel combustion behavior.
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Chapter 5 presented another example of molecular spectroscopy and numerical modeling
applied in characterizing the decomposition and abstraction behavior of Poly Oxy Methylene Ether
(POM-E) molecules. This effort produced chemical kinetic rates to compare the most likely routes
of decomposition and abstraction of polyoxymethylene ether molecules. The primary molecule
evaluated was dimethoxymethane (DMM). This was followed by studies on the impact of
increasing the chain length by adding (CH.-O)n groups to this baseline molecule. Next, an analysis
of experimental spectra and chemical kinetic rates on the effects of altering the end groups by
adding longer alkyl chains to the DMM molecule was carried out. These comparisons will aid in
identifying likely candidates for molecules that can be used as additives to reduce sooting in diesel
fuel.

Chapter 6 presented a detailed examination of the micro-reactor, an integral component in
the Photoionization Mass Spectrometry and Matrix Fourier Transform Infra-Red Spectroscopy
setups. This resulted in the redesign of the silicon carbide micro-reactor with an internal
constriction to produce a more stabilized fluid flow profile within the geometry — a critical requisite
for more detailed chemical kinetic examinations. As a part of this effort, it was identified that
altering the diameter of the constriction makes it possible to modify the pressure and velocity
profile within the micro-reactor. This provides tunability in the micro-reactor design enabling
reactions to be evaluated at different pressure levels using the PIMS and FTIR setup. Chapter 7
detailed the creation of a novel digital manufacturing method to produce these redesigned silicon
carbide micro-reactors. This novel process can produce ceramic geometries with wall thicknesses
of less than 300um and constrictions as small as 100um. Initially developed for fabricating silicon
carbide micro-reactors with a nozzle, this technique has now been extended to multiple other

materials (alumina, YSZ) and other high aspect ratio geometries.
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Chapter 8 presents an experimental validation of the three nozzle reactor geometries
featuring exit diameters of 0.650 mm, 0.400 mm, and 0.250 mm. Computational Fluid Dynamics
(CFD) simulations simulate the fluid flow behavior inside these geometries and highlight the
stabilized pressure profile. The performance of these reactors is compared to the results obtained
from photoionization mass spectrometry experiments with the Chen reactor. The pressure
dependence of unimolecular decomposition reactions is explored by applying these nozzle reactor
geometries. The pyrolysis of anisole is studied in these reactor geometries. In particular, the impact
of increasing pressure and residence time is evaluated on the bimolecular reaction between methyl
radical and cyclopentadienyl radical to form an important soot precursor, methylcyclopentadiene
(MCPD). Additionally, the decomposition of furan is evaluated using this suite of micro-reactor
geometries. The focus was on understanding the influence of pressure on the likely decomposition
pathway, with one pyrolysis route (forming o — carbene) being sensitive to changes in reaction
pressure. Results from these evaluations confirm that with an increase in the reactor pressure (or
decreasing reactor exit diameter), the ratio of a—carbene to p-carbene increases. These results
demonstrate, for the first time, the ability to select reactor pressure by varying the geometry of the
micro-reactor used in the experiment. Further, it is possible to estimate pressure, temperature, and
fluid residence time values in these reactors, enabling researchers to validate chemical Kinetic
models through the data extracted from these experiments. Overall, the work presented here
advances the experimental capabilities of the mass spectrometry technique by enabling researchers
to control and vary the conditions at which combustion chemistry is evaluated. The capabilities of
the hybrid manufacturing technique provide a robust method to design and develop tailored

devices to meet the requirements of researchers studying future fuels.
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9.2 Recommendations for future experiments

9.2.1 Alternate micro-reactor materials and oxidation experiments

Silicon carbide is the current micro-reactor material. The ability to sustain high
temperatures, fracture toughness, resistance to corrosion, thermal conductivity, and the capability
to withstand thermal shock makes it an ideal material choice for this application. The existing
experimental setup harnesses these capabilities to use these micro-reactors as the flow reactor of
choice to study short residence time decomposition phenomena. However, the chemical nature of
silicon carbide has restricted experiments to only pyrolysis (thermal decomposition in the absence
of oxygen). The reactivity of silicon carbide with oxygen has prevented the use of the spectroscopy
setup to evaluate oxidation reaction as SiC is unstable in an oxygenated atmosphere at high
temperatures. Alternate materials have been identified to extend the experimental setup's
capabilities to study reactions involving oxidation. The new micro-reactor material should be
chemically inert in an oxidizing atmosphere and structurally sound over a temperature range of
300 to 2000 K. T. Fan[1], in his thesis, identified alternate metal and non-metal candidates that
could be used as alternate reactor materials. The creation of a novel manufacturing method
described in Chapter 6 has enabled the fabrication of reactor-like geometries with a range of
ceramics. Yttria Stabilized Zirconia (YSZ) has been chosen as the most promising candidate. YSZ
has been used as an engineering ceramic for a range of applications[2]-[4]. It retains many of the
favorable features of silicon carbide, including high-temperature stability, resistance to thermal
shock, and high fracture toughness, and it is also resistant to oxidation at high temperatures.
Currently, nozzle reactor geometries are being manufactured using this material. Preliminary

evaluations of the alternate reactor material (alumina and YSZ) are underway. A novel conductive
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heating jacket has been trialed to heat these geometries to a temperature of 1800K. The focus of
these efforts has been to understand the impact of reactor material on the pyrolysis reaction. The
heating strategy involves encasing the alumina or YSZ reactor geometry in a silicon carbide jacket.
The SiC heating jacket is tailor-made using the process developed as part of this work. This jacket
is heated using the existing resistive heating strategy employed to flash heat SiC reactors. The
interior alumina or YSZ geometry is conductively heated by the exterior SiC jacket. The
temperature of the reactants is measured using an infrared thermal camera through the external
surface temperature of the silicon carbide jacket. Initial trials have involved studying the

decomposition of anisole. The heating jacket assembly is shown in Figure 9.1.

Figure 9.1: Alumina nozzle reactor inside a SiC heating jacket. The upright geometry is shown
with two graphite heating disks mounted in a specially designed MACOR collet.

The spectra obtained from the experimental runs are presented in Appendix C9. As part of

this effort, it is proposed that a suitable oxidation reaction be identified and evaluated to showcase
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the capability of this reactor in simulating reactions of organic molecules with oxygen across a

broad temperature range.

9.2.2 X-ray Fluorescence (XRF) Studies

The speed at which highly reactive radicals and intermediates are formed in an engine and
the heat released when they continue to react are critical for evaluating the efficiency and viability
of any fuel. Capturing this kinetic information means deriving rate constants and gas laws as a
function of temperature and pressure. This is only attainable for the micro-reactor if the gas
pressure, temperature, flow conditions, and residence times are known. In situ, non-invasive
measurements of the micro-reactors internal conditions are difficult for two reasons. First, the
micro-reactor being composed of opaque SiC cannot be probed with conventional optical
techniques. Second, inserting a probe into the 1 mm in diameter tube would severely disrupt the
gas flow dynamics. Typically, as seen in Chapter 2, an inlet and outlet pressure, flow rate, and
external wall temperature are reported with experimental data. Using this information, estimates
can be made for residence time (of the target molecule inside the heated reactor) and internal gas
temperature and pressure. These can only be estimated assuming either laminar or plugged flow.
However, this has been shown by Guan et. al.[5] to be an inaccurate assumption — this has been
remedied to a certain extent in the nozzle microreactor. As explained in Chapter 5, the addition of
the constriction produces a stabilized, high-speed, laminar flow within the reactor, making
pressure-based calculations more accurate. In 2017, R. Tranter et al[6] carried-out X-ray
fluorescence measurements of flow inside the tube (Chen) reactor. These measurements were
among the first to probe fluid flow inside a short residence time flow reactor. The results provide
relative gas density that can yield absolute density measurements, which can be correlated to

pressure measurements. Figure 9.2 shows the proposed experimental geometry of the X-ray studies
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based on the previous work. These experiments will be used to perform non-intrusive XRF
measurements conducted through He/Kr flow inside the SiC nozzle micro-reactor at varied wall
temperatures. Direct measurements of gas density within the SiC nozzle and the nearly supersonic
jet that exits the reactor will be measured with XRF. X-ray absorption measurements will
complement the XRF studies and be used to image the internal wall structure of the nozzle
geometry. These results will be used in conjunction with other non-invasive measurements, such
as the X-ray microscopy and Scanning Electron Microscopy measurements described in Chapter
6. Based on the observations made by Tranter et al. the results from these experiments will be used
to improve upon the measurements made previously. The smoother interior walls and thinner wall
sections should enable more accurate measurements confirming the applicability of this new

geometry for low residence time spectroscopy.
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Figure 9.2: The experimental geometry for X-ray studies of Kr fluorescent tags in the nozzle
micro-reactor
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9.2.3 Building a low temperature and low-pressure oxidation mechanism for
aviation fuels

Based on the energetics and results obtained by running experimental evaluations and
numerical simulations of Jet A fuel surrogate molecules it is proposed that the reaction rate
constants for these molecules be evaluated. The rate data may be used to pinpoint the dominant
reaction pathways for jet fuel ignition chemistry and how they may or may be affected by
temperature and pressure. Theoretical rate constants for all relevant reactions will be calculated
using transition state theory [7]. Tunneling corrections will be obtained from one-dimensional
asymmetric Eckart barriers[8], [9]. Rigid rotor harmonic oscillator approximations are assumed to
be good except for the treatment of the lowest frequency CHs torsional modes that will be treated
as hindered rotors. Variational corrections are expected to be significant in these reactions, which
are typical for reactions with low barriers. Therefore, where necessary, variable reaction coordinate
transition state theory (VRC-TST) will be employed to determine reaction rates using the
VaReCoF program from Argonne National Laboratories. [10], [11] Pressure-dependent rate
coefficients will be calculated employing master equation calculations performed with the MESS
code in the PAPR reaction software suite from Argonne National Laboratories.[12] ANSYS
Chemkin-PRO [13] is a computational software package that solves the governing equations for
reactive flow systems and is commonly used in the field of combustion to assess the role of
chemistry in global combustion phenomena such as ignition timing. Chemkin-Pro required inputs
include parameters to define the physics of the problem (adiabaticity, temperature, pressure,
volume, flow rate, fuel to air ratio, etc.), a reaction mechanism, and thermodynamic properties file.
Thermodynamics parameters for every new molecule from our PES not included in the prior
mechanisms will be fit to the NASA 7-parameter polynomial format[14]. Pressure-independent

reaction coefficients will be fit to modify Arrhenius-type expressions, while pressure-dependent
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reaction coefficients must be fit to Troe 4-parameter reaction expressions. [14] These new rate
constants and thermodynamics polynomials will be imported to the prior combustion mechanisms
and the Dooley et al. [15], POSF 4658 surrogate model. To judge success, these new models will
be used to reproduce prior experimental data sets for ignition, flame speed, and speciation. To
determine the effect of pressure and temperature on ignition behavior, a parametric study of
ignition delay time predictions in a 0-D constant volume simulation will be conducted with varying
pressure, temperature, and equivalence ratio. A combination of reaction path analysis, sensitivity
analysis, and kinetic branching analysis will be applied to identify the key reactions for ignition
under post-flameout reignition conditions. Through these 3 analyses on the mechanisms produced,
correlations between how pressure and temperature influence ignition behavior and the critical

reactions that create variation in behavior can be identified.
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Appendix

C4: Experimental and theoretical evaluation
of the links between structural details and the
sooting tendency of methylcyclohexene
ISOMers

Photoionization Mass Spectra

This section contains photoionization mass spectra results for each isomer at all three wavelengths
used in this study: 9.6 eV, 10.8 eV, and 10.487 eV (using Nd:YAg laser). Additionally, the line-
plots showing the percentage (%) of the total maximum peak signal height as a function of
temperature for relevant masses from the 9.6 and 10.8 eV wavelengths are presented.
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Figure A4C1: PIMS of 0.01% 1-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1500K and ionized by 124.9 nm (9.6 eV) photons.
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Figure A4C2: PIMS of 0.01% 1-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1500K and ionized by 115.0 nm (10.8eV) photons.
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Figure A4C3: PIMS of 0.01% 1-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1600K and ionized by 118.2 nm (10.487 eV) photons.
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Figure A4C4: Percentage (%) of the total maximum peak signal height as a function of
temperature are shown for significant mass values from 1MCHe spectra (IE=8.67 £ 0.02 eV [35]).
Top: 9.6 eV. Bottom: 10.8 eV. The presence of dissociative ionization is detected in the 10.8 eV
plot by the presence of m/z 81 at room temperature.
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Figure A4C5: PIMS of 0.01% 4-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1500K and ionized by 124.9 nm (9.6 eV) photons.
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Figure A4C6: PIMS of 0.01% 4-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1500K and ionized by 115.0 nm (10.8 eV) photons.
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Figure A4C7: PIMS of 0.01% 4-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1500K and ionized by 118.2 nm (10.487 eV) photons.
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Figure A4C8: Percentage (%) of the total maximum peak signal height as a function of

temperature are shown for significant mass values from 4MCHe spectra (IE=8.91 £ 0.01 eV [35]).

Top: 9.6 eV. Bottom: 10.8 eV. The presence of dissociative ionization is detected in the 10.8 eV
plot by the presence of m/z 81 at room temperature.
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A4.1C) 3MCHe experimental temperature sweeps
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Figure A4C9: PIMS of 0.01% 3-methylcyclohexene in He in the microreactor at 200 SCCM

heated between 300K and 1500K and ionized by 124.9 nm (9.6 eV) photons.
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Figure A4C10: PIMS of 0.01% 3-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1460K and ionized by 115.0 nm (10.8 eV) photons.
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Figure A4C11: PIMS of 0.01% 3-methylcyclohexene in He in the microreactor at 200 SCCM
heated between 300K and 1460K and ionized by (8.89 eV) photons.
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Figure A4C12: Percentage (%) of the total maximum peak signal height as a function of

temperature are shown for significant mass values from 1MCHe spectra (IE= 8.89 £ 0.01 eV [35]).

Top: 9.6 eV. Bottom: 10.8 eV. Left: Masses from the retro-Diels-Alder pathway. Right: Masses

resulting from bond fission routes. The presence of dissociative ionization is detected in the 10.8

eV plot by the presence of m/z 81 at room temperature.
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Theoretical Calculation Results

A4.2A) Potential energy surfaces (PES) of relevant MCHe isomer radicals

60 1

a0 +

Relative Energy (kcal/mol)

Figure A4C13: Full PES showing the interconnectedness between the MCHe isomer radicals.
Due to the complexity of the PES, many of the drawn structures are not included. More detailed
PESs of the 4 main radicals are presented subsequently. Energies are calculated at the m06-2X/CC-
pVTZ level of theory with zero point correction.
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Figure A4C14: PES of the isomerizations between the different MCHe isomer radicals. Energies

are calculated at the m06-2X/CC-pVTZ level of theory with zero point correction.
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Figure A4C15: PES of the 1IMCHe-R6 formed during the 2" lowest bond fission of 1IMCHe.
Energies are calculated at the m06-2X/CC-pVTZ level of theory with zero point correction.
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Figure A4C16: PES of the 1IMCHe-R3/3MCHe-R1 resonantly stabilized allylic radical formed
during the lowest bond fission of IMCHe and 2™ lowest bond fission of 3MCHe. Energies are
calculated at the m06-2X/CC-pVTZ level of theory with zero point correction.
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Figure A4C17: PES of the 3MCHe-R4/4AMCHe-R2 resonantly stabilized allylic radical formed
during the 3" lowest bond fission of 3MCHe and 2" lowest bond fission of 4MCHe. Energies are
calculated at the m06-2X/CC-pVTZ level of theory with zero point correction.
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Figure A4C18: PES of the 4MCHe-R5 allylic radical formed during the lowest bond fission of

4MCHe. Energies are calculated at the m06-2X/CC-pVTZ level of theory with zero point
correction.
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Figure A4C19: PES of the 2-cyclohexenyl radical formed from the lowest bond fission of
3MCHe. Energies are calculated at the CCSD(T)/cc-pVooZ//M06-2X/cc-pVTZ level of theory.
Only isomerization pathways of 1,3-hexadiene radical (32.3 kcal/mol) below the lowest b-scission
the 2-cyclohexenyl radical (49.1 kcal/mol) are included for clarity. The masses (m/z) of each
species are listed to help compare with the experimental data.
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C5: Probing the pyrolysis of
Polyoxymethylene Ethers (POM-E)
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Figure A5C1: Rate constant as a function of temperature for the thermal decomposition of
DMM (dimethoxymethane), with nitrogen at a pressure of 1 atm.
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Figure A5C2: Branching ratios for the primary decomposition reactions of DMM
(dimethoxymethane) as a function of temperature, with nitrogen at a pressure of 1 atm.
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Figure A5C3: Rate constant as a function of temperature for the thermal decomposition of
DMM (dimethoxymethane), with argon at a pressure of 1 atm.
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Figure A5C4: Branching ratios for the primary decomposition reactions of DMM
(dimethoxymethane) as a function of temperature, with argon at a pressure of 1 atm.
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C7: Fabrication of the novel micro-reactor
geometry

Table C7.1: Chemical and physical properties of the Calix High Strength 2 ready-to-press (RTP)

powder.

Properties Calix Ceramic High
Strength 2

Specific surface area (m?q) 14-16
Tap density (g/cm?) 0.97
Granule size (um) <125
Particle size distribution d90 1.0
(1m)
d50 (um) 0.5
d10 (um) 0.25
Oxygen (Wt%) <1.0
Boron (wt%) 0.5-1.0
Carbon (wt%) 3-7
Organic binder (wWt%) 3-10
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C9: Conclusions and future research
directions

C9.1 Photoionization mass spectra of anisole using alumina micro-reactor
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Figure A9CL1: PIMS of 0.1% anisole in He in an Alumina tube micro-reactor at 200 SCCM heated
between 300K and 1700K and ionized by 118.0 nm (10.5 eV) photons.
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C9.2 Photoionization mass spectra of anisole using alumina micro-reactor
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Figure A9C2: PIMS of 0.1% anisole in He in an Alumina tube micro-reactor at 200 SCCM heated
between 300K and 1700K and ionized by 118.0 nm (10.5 eV) photons.
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