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This dissertation details novel experimental methods and analytical techniques developed
to characterize hybrid combustion of solid fuels with gaseous oxidizers. The primary focus
of this work is on hybrid rocket motors, which are less developed than liquid and solid fuel
chemical propulsion systems. Historically poor performance of hybrid propulsion systems
is attributed, in part, to combustion efficiencies below theoretical limits, hindering hybrid
rocket development and motivating experimental and modeling studies to explain shortcom-
ings. Combustion in such systems is typified by a turbulent reacting boundary layer above
the fuel surface that involves a convolution of fluid dynamics, heat transfer, and chemical
kinetics. Although modeling efforts have advanced significantly in recent years, there re-
mains a lack of quantitative data, particularly in-situ in the reacting flow regions, that are
necessary to validate combustion models and make definitive assessments of the reacting
boundary layer flow-field. Optical diagnostics have become invaluable tools for obtaining

such data due to their non-intrusive nature and their capability in harsh combustion envi-
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ronments. For much of the research detailed herein, an axisymmetric solid fuel burner was
used to examine the near-surface reaction layer via spatially-resolved measurements using
laser absorption tomographic methods. The data obtained from these experiments were

compared to relevant multi-physics combustion models.

The hybrid rocket motor experiments discussed in this dissertation primarily involve
polymethyl methacrylate (PMMA) as the fuel with gaseous oxygen. The solid fuel burner
and laser diagnostic sensors were used to assess hybrid PMMA /GOx combustion as influ-
enced by differing oxidizer injector geometries, those including both axial and swirl varieties.
Two-dimension quantitative measurements of species and temperature provided crucial com-
parisons to theorized and modelled thermochemical structure evolution. Additionally, the
injector specific findings highlight the sensitivity of the combustion performance to motor
geometry and quantify the utility of introducing incipient swirling flow into the combus-
tion chamber. Significant discrepancies were observed between reactive flow modeling and
the 2D experimental results for hybrid combustion of polymethyl methacrylate (PMMA) in
gaseous oxidizer cross-flow, prompting a fundamental shock-tube chemical kinetic studies of
the monomer, methyl methacrylate (MMA), that involved measuring time evolution of inter-
mediate and product species. This additional data was used to improve the existing chemical
kinetic mechanisms by modifying Arrhenius rate parameters of sensitive reactions via genetic
algorithm optimization anchored to the speciation measurements. The aforementioned spec-
troscopic, experimental, and analysis techniques designed for hybrid rocket propulsion were
also extended to study hybrid combustion of the fire-resistant polymer polytetrafluorethy-
lene (PTFE) in oxidizer-cross flow to help inform toxicant predictions in structural fires and

develop useful sensors for fire safety.

It is envisioned that the data in this dissertation will be used to anchor and improve
reacting flow models relevant to both hybrid rocket propulsion and fire safety. The sensors,
experimental facilities, and analysis procedures can also be further employed in the future

to study a wide range of solid fuels across combustion applications.
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CHAPTER 1

Introduction

1.1 Solid Fuel Combustion in Oxidizer Cross-Flow

Solid fuel combustion is a complex, multi-phase process that humans have been trying to
understand, control, and benefit from throughout history. It has been crucial for civilization
growth, industrialization, technological advancement and, in the most basic forms, to human
survival. The fuel types - from wood and coal to complex modern synthetic polymers - and
associated combustion systems are widely varied and tailored to the goals of specific appli-
cations. There are, of course, also the instances of undesirable solid fuel combustion, namely
building fires and wildfires, that are crucial to understand to mitigate damage and hazards.
This dissertation focuses on combustion of solid fuels in the context of hybrid combustion,
wherein a solid fuel is exposed to a gaseous oxidizer cross flow, or forced convection, as is
typical of hybrid rockets, but also relevant to wind-blown fires. The following sections pro-
vide an overview of the governing physics in hybrid solid fuel combustion and also connect
the field of study to the applications that motivate the research described in subsequent

chapters.

1.2 Governing principles

The basic governing principles and physics involved in solid fuel combustion are reviewed here
to provide context for the experiments and analysis that follows. To burn, the solid fuel must

first pyrolyze and undergo gasificiation, via heating, such that the volatile gaseous molecules



created from the fuel surface can react and burn with the gaseous oxidizer. This fuel sur-
face heating may result from an ignition source, exposure to existing fire, or even ambient
environment temperatures. Once ignited, the ongoing fuel pyrolysis is maintained from heat
radiated from the flame and convected to the fuel surface. The regression rate and resulting
gaseous fuel species production are coupled to the evolving flow-field and flame structure
through heat feedback from exothermic chemistry. Correlations developed in the 1960s by
Marxman et al. to describe this multi-phase system are still widely used today. In recent
years, researchers have revisited the Marxman correlations and highlighted their validity or
lack thereof for different motor configurations and under different conditions, particularly
with respect to adequately accounting for thermal radiative effects [13, 14]. The Marxman
equations include one-way coupling of radiation effects on convective blowing by way of
including a perturbation term to the baseline non-radiating case. Discrepancies observed
between Marxman-derived heat fluxes and experimental results have motivated studies to
find empirically derived corrections to the Marman correlations as well as new model formu-
lations based on experimental slab burner data [13, 15]. However, within the context of this
work, with a primary focus on the gaseous flow-field, the Marxman correlations serve as a
useful model for analyzing fuel regression behavior. These include the following coupled, first
order partial differential equations to govern gas generation in hybrid combustion related to

the fuel surface regression rate (Eq. 1.1) and the port mass flow growth rate (Eq. 1.2):

or(z,t) _ a (mport)n (1.1)

ot o\ 2
The dependence on the axial position, x, arises due to heat transfer from a turbulent

boundary layer.

mport (ZB, t) a mport "
—_— = 2nr)— 1.2
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However, for many hybrid rocket regression rate analysis, a simplified equation is used
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distributions reaction zone.

that is often sufficient for characterizing the fuel regression rate provided that the O/F ratio
is not very low. In this case, the fuel surface regression rate, r, is simply determined as a

function the oxidizer mass flux, G, as shown in Eq. 1.3 [16, 17]:

F=—Gn (1.3)

where x is the length of the fuel grain and a, n, and m are empirical constants for a given
propellant combination. Previous works have found weak dependence on axial position,

supporting an assumption of m = 0 in most cases [18, 19, 20].

The resulting gaseous flow-field in hybrid combustion is characterized by the diffusion
flame structure that forms within the boundary layer along the fuel grain wall. The vaporized
fuel is advected and diffused away from the fuel grain surface towards the diffusion flame
where it reacts with oxidizer transported from the core flow by turbulent diffusion [21].

Diffusion flames, also known as non-premixed flames, occur when initially separate fuel and



oxidizers are brought together and form a thermochemically-varied reaction zone governed
by chemical reaction and molecular diffusion speeds [22]. These are typically diffusion limited

with high Damkohler numbers, defined simplistically as:

DA _ Ttransport (14)

Treaction

in which 7yansport is the timescale of the mixing and transport processes and T,eqction 1S
timescale of the chemical kinetics. Thus, a high Damkohler number in a diffusion flame
implies that the fuel and oxidizer react to form products much faster than the diffusion can
transport the species to the flame. At the limit as D4 — oo, the reaction chemistry is in-
finitely fast; this widely used assumption for studying diffusion flames was first introduced by
Burke and Schumann in 1928 [22]. An idealized diffusion flame structure is shown in Fig. 1.1
A); this scenario corresponds to the limit of infinitely fast chemistry, stoichiometric fuel and
oxidizer proportions across the flame, and effectively single-step irreversible combustion from

reactants to products:

Fuel(F) + Ozidizer(OX) — Products(P) (1.5)

The bounds of this schematic dictate that at y = 0, the mass fraction of the fuel, Y%, is
1 while as y — oo, the oxidizer mass fraction, Yox = 1. In an idealized flame structure, no
oxidizer exists on the the fuel-rich side of the flame, and vice versa. The flame lies between
these extremities at a location, yg, on the fuel and oxidizer consumption rates with respect to
stoichiometry. In essence, the flow-field in this model is chemically frozen everywhere other
than at the infinitely thin flame sheet. Given the one-step irreverible reaction converting
fuel and oxidizer to product species, there is a single global stoichiometric ratio [23]. The

fuel and oxidizer species are consumed at the flame sheet according to this ratio:

ot (1.6)

wherein f* is the stoichiometic ratio and wr and wo x are the fuel and oxidizer mass consump-

tion rates, respectively. This assumption of an infinitely thin flame location, or flame sheet,

4



has been widespread and of great utility across combustion literature and research, despite
real world practical limitations. Shortcomings in this model are often due to the multi-step
reaction kinetics that involve the formation and consumption of intermediate species and
include multiple reaction pathways contributing to product formation [24]. Figure 1.1 B)
shows diffusion flame species distributions with relaxing of the flame sheet assumptions on
reaction chemistry. In reality, the flame sheet is replaced by a reaction zone with some do-
main of overlap in fuel and oxidizer species. The thickness of this reaction zone is affected
by the chemical reaction speeds (again, relative to the diffusion timescales) and is typically
very thin compared to other flow-field length scales, such as the product layer; thus for
characterizing the external structure of the diffusion flame, the assumption of infinitely fast
chemistry is often still sufficient. As such, generalized equations to determine the fuel and
oxidizer distribution on either side of the flame sheet or reaction zone can be formulated

from conservation of mass as:

oYr OYr | o [ oYr )

- — | = — |pDp, P—— L.
p{&t —H}@y_ oy _,0 "5, -HUF} (1.7)
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where p is the density, v is the flow velocity, D; p are the diffusivities of species ¢ into the
products (P), and w; are again the mass consumption rates [23, 25]. Assuming the mixture

is calorically perfect, conservation of energy yields:

e [8T aT] 2 2T g (1.9

- + v— e -
ot oy 8y( dy )
The terms on the right hand side represent the heat diffusion, where £ is the conductivity,

followed by @, the heat released from the combustion reactions which is the product of wg

and qg, the heat of combustion or heating value:
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Figure 1.2 Schematic of classical diffusion-limited hybrid combustion

Q = Wrqn (1.10)

The energy balance in Eq. 1.9 effectively indicates that heat leaving the flame via conduction

is equal to the heat released by the species reacting at the flame.

A coupled system of the fuel regression and gas production sustained by heat feedback
from a diffusion flame structure effectively describes the classical hybrid combustion flow-field
structure depicted in Figure 1.2. The flame lies within a boundary layer that is expected to
be turbulent over most of its length, attributed to the decreased transition Reynolds number
caused by the multi-phase structure. The presence of evaporation when a gas stream flows
over a liquid can lead to greater than an order of magnitude reduction in transition Reynolds
number. This effect is exacerbated in hybrid combustion due to the extensive fuel sublimation
along the surface. As such, the derivations and empirical correlations used to describe hybrid
combustion systems, such as those by Marzman et al., are grounded in turbulent boundary
layer theory [16]. The turbulence of the flowfield effects the efficiency of the species and heat
transfer between the flame and the fuel grain wall. Since, in the model, the diffusion flame
is located within this turbulent boundary layer, available oxidizer cannot be depleted until
the boundary layer thickness fills the available domain (reaches the centerline where r = 0),

thus the turbulent flow is effectively fully developed. Within the boundary layer, flame



separates an oxidizer-rich region from a fuel-rich region containing pyrolyzed fuel molecules
and product species. Since the combustion is again diffusion-limited, the rate at which
these reactants burn is dictated by the rate at which they are brought together at the flame
location by diffusive mixing caused by concentration gradients. The temperature increases

moving radially inward towards a peak at the exothermic reaction zone or flame location.

The combustion reaction processes, in reality, often involve many competing pathways
towards product formation including multiple reaction steps and reversible reactions. Many
solid fuels, including both those relevant to chemical rocket propulsion and unwanted fires,
have complex compositions with large hydrocarbons that produce a multitude of smaller
CxHy molecules through thermal decomposition. These fuel fragment molecules interact,
oxidize, or further decompose to produce the final combustion products. The evolving het-
erogeneity and coupled nature of the species’ existence to each other through reactions make
the local stoichiometric ratios of fuel to oxidizer and heating values difficult to predict. The-
oretical models of reaction pathways and rates have enabled generation of countless useful
mechanisms for modeling combustion; although, experimental data has been essential for

making these mechanisms more robust and accurate.

In summary, adequate understanding of a hybrid combustion system’s behavior requires
analysis of the pyrolysis process (thermal decomposition temperature, phase change, result-
ing pyrolyzed products) and the reacting gaseous flow dynamics and heat production that
sustain the combustion, encompassing effects of chemical kinetics, fluid dynamics, and heat
and mass transfer. As such, hybrid combustion can be extremely difficult to sufficiently
predict; however, diagnostic tools and experiments can provide useful data to constrain
models and illuminate key phenomena affecting the overall combustion performance. In the
forthcoming chapters, we detail some such diagnostic, experimental, and analysis methods
developed to characterize hybrid combustion with particular application to hybrid rocket

propulsion and structure fires.



1.3 Hybrid rocket propulsion

Hybrid rocket motors, by their most general definition, are chemical propulsion systems that
store the fuel and oxidizer in different phases; they have been of interest to the propulsion
community for many decades owing to the numerous theoretical benefits. Of particular
note, storing the fuel and oxidizer in different phases allows for relatively simplistic propel-
lant feed systems and reduced safety infrastructure compared to typical liquid propellant
rocket engines. This also makes hybrid rockets far more cost effective and accessible for
implementation on smaller scales. While solid rocket motors are in some ways even more
simplistic (than hybrids), their performance capability, as assessed by the specific impulse,
Iy, is far less than can be achieved by liquid rockets. I, effectively characterizes the engine

thrust produced per unit propellant weight:

F
I, =— (1.11)

myg
where F' is the thrust, m, is the propellant mass flow rate which is multiplied by g, the
gravitational constant, such that the denominator is in units of weight. This gives an I, in
units of seconds. Specific impulse, among other rocket performance parameters, is further
discussed in Sec. 5.1.1. Conversely, hybrid rocket motors have theoretical I, magnitudes
that are comparable to liquid rocket engines. Hybrid rockets can also be easily throttled by
controlling the flow rate of the gaseous oxidizer into the combustion chamber, enabling a wide
range of thrust profiles. Despite these advantages over the other two chemical propulsion
systems, hybrid rocket motor implementation has been limited in real world applications
due, in part, to low regression rate of suitable polymer-based fuels, inherent variation in the
oxidizer-to-fuel ratio as the solid fuel grain regresses, and relatively immature understanding

of the combustion dynamics and instabilities.

Among the most successful launches of a hybrid rocket is that of SpaceShipOne, an
air-launched vehicle designed by Scaled Composites that won the Ansari X-Prize in 2004.
The motor included four ports with hydroxyl-terminated polybutadiene (HTPB) and liquid

8
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Figure 1.3 Simple schematic of a hybrid-propellant rocket [1]

nitrous oxide as propellants capable of generating 16,500 Ibf of thrust, enabling the rocket
to reach a sub-orbital altitude of 112 km. The successor to the SpaceShipOne, aptly dubbed
SpaceShipTwo, was developed by Scaled Composites with Virgin Galactic in the late 2000s
and has completed many flights with its first true space flight (based on the United States
of America’s altitude definition but below the FAI-defined Karman Line) occurring in 2018.
As with its predecessor, SpaceShipTwo initially used HTPB as its fuel however, once Virgin
Galactic took sole ownership of the technology and vechicle design in 2014, they redesigned
the motor and switched to a polyamide plastic fuel. Upon unsuccessful flight tests with
the new propellant, they eventually switched back to HTPB which they continue to use for
flights to date. Virgin Galactic currently operates one SpaceShipTwo-class vehicle, named
the Virgin Space Ship (VSS) Unity, which completed another successful and highly publicized
hybrid rocket launch; that being the first space flight (again, by USA definition) in December
2018 during which it hit Mach 2.9 and reached 82.7 km at its apogee. In November 2023,
Virgin Galactic announced their plans to retire their SpaceShipTwo vehicles by mid-2024

and to ramp up work on their next generation ” Delta” commercial rockets.

Aside from these notable hybrid rocket launches in the United States, research and de-
velopment on hybrid rocket motors has significantly ramped up worldwide over the last two
decades. This re-ignited interest in hybrid rockets can be attributed, in part, to the develop-

ment and availability of higher-regression rate synthetic solid fuels and the rapid expansion



Figure 1.4 SpaceShipOne and SpaceShipTwo-class VSS Unity

of the commercial aerospace sector. A useful overview of commercial and governmental hy-
brid rocket development projects in 15 countries over the last 17 years is provided in the
review paper by Okninski et al. [26]. Of recent note, South Korean company Innospace
successfully launched a hybrid motor suborbital rocket in March 2023 and is working on de-
velopment of a next-generation orbital launch vehicle. India, Norway, Canada, Germany, and
the United States are among other countries where non-governmental hybrid rocket vehicles
exist with near-term launch goals. Additionally, laboratory-scale research and development
on hybrid rockets has also become increasingly prevalent over this time period, advancing

the technological maturity and enabling improved motor designs.

1.3.1 Hybrid rocket combustion dynamics

As previously discussed, in hybrid rocket motors, the fuel and oxidizer are stored in different
phases. They most commonly consist of a gaseous oxidizer (as discussed in this work) that
is injected into a combustion chamber lined with a solid fuel, usually of cylindrical geometry.
Upon injection of the oxidizer, a turbulent boundary layer forms that sweeps over the fuel
grain wall, as was shown in Fig. 1.2. To initialize the combustion reaction, an ignition source
heats the solid fuel wall, vaporizing a thin layer of fuel, which then enters the boundary layer

region of the flow-field. The subsequent combustion progression is governed by the heat and
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mass transfer that occurs between the gas-phase oxidizer and the evaporated fuel near the
grain surface as discussed in Sec. 1.1. As this fuel moves incrementally inward, the local
ratio of oxidizer to fuel (O/F) becomes sufficiently conducive to combustion and a thin
flame appears. For simple axial injection, this location is estimated to be around 10-20% of
the boundary layer thickness, ¢, from the wall and approximately 0.16 in thickness [17, 16].
Depending on the geometry of the injector, the local regression rate can vary significantly
near the injection/fuel grain interface and assumes the classical boundary layer structure at

a location downstream.

For a hybrid rocket motor geometry with axial oxidizer injection, there are three dis-
tinctive flow-field regions as shown in Fig. 1.5: a recirculation zone, an impingement point,
and a boundary layer development region [2]. Oxidizer from the main jet is directed into
the recirculation zone across a turbulent shear layer wherein the fuel from the adjacent wall
reacts with and is recirculated with this oxidizer [2, 27]. This region is very fuel-rich along
the wall whereas the core flow composition at this point is still nearly pure oxygen [28|. Here,
the combustion process largely takes place in the shear layer of the core oxidizer jet and the
recirculation zone. The impingement point occurs when the core oxidizer jet spreads and
interacts directly with the grain wall at some distance downstream of the injector. Several
studies, with varied results, have focused on the flow-field region between the oxidizer in-
jector and the impingement point to try and determine the axial position of maximum fuel
regression. Specifically, Carmicino et al. [2] determined maximum regression rate to occur
when the oxidizer jet impinges the fuel grain; however, high-speed images by Mechentel et
al. [3] suggest that maximum regression occurs within the recirculation zone. In the flow
region downstream of this impingement point, the turbulent boundary layer develops and,
within, the characteristic diffusion flame forms. Beyond the recirculation zone, oxygen con-
centration in the core flow decreases and a greater portion of combustion products diffuse
inwards towards the core as the reaction progresses along the axial direction. This theoreti-

cal framework for the hybrid combustion flow-field serves as a reference for discussion of the
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results in subsequent chapters.

While undoubtedly useful, the aforementioned findings rely largely on measuring global
parameters, such as pressure or aggregate fuel mass burned, to make conclusions about the
flow through the injectors. A limitation of such measurements is the inability to quantify
how the reaction is progressing within the fuel grain and along the grain length. More recent
work by Mechentel et al. [3, 29] has involved using high-speed cameras to obtain spatially-
resolved measurements, see Fig.1.6, of the fuel regression rate along the grain length in a
hybrid motor. Results using this methodology have supported axial injection theory for
hybrid geometries and can be useful for assessing effects of differing motor components on
the regression rate and its axial uniformity [3, 29]. Fuel regression, and the aggregate burn
rate, is a key combustion parameter as it relates directly to achievable combustion chamber
pressure and thrust for a given motor size. To better grasp the causes of variable burn
rates and spatial regression non-uniformity, an improved understanding of the reacting flow
physics in the gas-phase core flow is required.
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Figure 1.5 Diagram of the characteristic flow-field regions resulting from axial

oxidizer injection in a hybrid motor geometry (adopted from [2])
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Author et || Institution Injector Type Propellant Assessment
al. Metrics
Carmicino Universitadi ~ Napoli || Axial (straight port || Polyethylene/|| Ultrasound
”Federico 11" and impinging) GOx pulse-echo
Mechentel NASA JPL Axial PMMA/ Imaging
GOx
Waxman Stanford University Axial Paraffin Global pressure
wax/NyO measurement
Kumar Indian Institute of || Swirl HTPB/ Numerical  re-
Technology Madras GOx sults
Gomes Instituto Tecnoldgico || Axial and swirl HDPE/ Post-fire  diam-
de  Aeronautica - GOx eter  measure-
Brasil ments
Karabeyoglu || KOC UNiversity Axial and swirl Paraffin Global pressure
wax/LOx measurement
and
HDPE/N,O
Invigorito Italian Aerospace Re- || Axial Paraffin Numerical  re-
search Centre wax/NyO sults

Table 1.1 Overview of oxidizer injector designs used in modern hybrid rocket re-

search works
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Figure 1.6 Post-firing image of axial injection into a hybrid rocket motor [3]

1.3.2 Hybrid rocket oxidizer injectors

The oxidizer injector influences hybrid rocket combustion performance by initializing the
flow-field characteristics entering the combustion chamber. The oxidizer mass flux and asso-
ciated convective heat transfer to the wall controls the fuel vaporization and, thus, the local
O/F ratio, which, on aggregate for a given cross-section, decreases with axial distance. As
such, an increase in oxidizer mass flux must be accompanied by an increase in fuel regression
or the mixture will become too fuel-lean to support combustion. Similarly, if the oxidizer
flow rate is insufficient and the O/F ratio is too low, extinction of the flame can also occur.
In this light, the oxidizer injector largely controls combustion for a given fuel and grain

geometry.

While the theoretical models have largely focused on axial injection of oxidizer into hybrid
motors, there is significant interest in employing injectors with more complex geometries
to promote increased turbulent mixing and fuel regression. In particular, several projects
where swirl injectors have been used have reported significantly improved fuel regression
rates over axial injection methods [30, 31, 32, 33]. Several recent works assessing hybrid
combustion with both axial and swirl injector types and varied propellants are compiled
in Table. 1.1. Gomes et al. found a 50% improvement in regression rates for polyethylene
fuel when swirl injection was introduced. For their experiments, a four-port radial swirl
injector was compared to a simple single-port axial injector with constant mass flux rates

through the injectors [31]. There is strong evidence across many of these works that indicate
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that the effects of the swirl injection are more prominent for shorter fuel grain lengths
[30, 31, 33]. Specifically, Kumar et al. found that introducing swirl injection improved the
average regression rate with short grains (defined there as total length over inner diameter,
L/D, being less than 5) but caused minimal improvement for longer grains. While these
encouraging results of increased regression rate with swirl injection exist, there are some
potential drawbacks that have also arisen through these works. Most significantly, unstable

combustion and loss of vortex strength along the length of the fuel grain.

Overall, within these broad categories of injectors, there are any number of variations
in port sizes, positions, angles, and shapes that determines the flow structure in the rocket
combustion chamber. In order to gain a comprehensive understanding of the mixing intrica-
cies as influenced by any particular injector geometry, spatially-resolved measurements taken

within the reaction layer are needed.

1.4 Fire toxicity

Analogous to hybrid rockets, wind-blown fires involve a forced convective oxidizer cross-flow
with a reacting boundary layer. The conditions and composition of this reacting boundary
layer determine the ultimate emissions of fires, which can be highly toxic. This is due, in
part, to normal emissions associated with diffusion flames where high-temperature regions
are closely coupled to fuel rich regions leading to higher carbon monoxide and unburned hy-
drocarbons, including aromatics and soot, that present a public health concern. The health
and safety risk of unwanted fires have led to a prevalence of synthetic fire-resistant polymers
used in construction of residential and industrial buildings. However, when exposed to a hot
oxidative cross-flow, some of these fire-resistant materials, which are often halogenated poly-
mers, can form hydrogen halides and higher proportions of other toxicants due to incomplete

combustion which amplifies the risk of death and injury.

The fire resistance of polymers is primarily evaluated through ignitability, flame spread,
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Figure 1.7 House fires with traditional construction and fire-resistant materials

and heat release [34]. The ignitability of a polymer depends on the rate by which a surface
of a polymer reaches its ignition temperature, which correlates to the energy stored by the
polymer during exposure to a heat source. This is affected by its heat capacity, enthalpy of
fusion and degree of crystallinity. The resistance to ignition of a polymeric material is often
quantified by a "level of oxygen” (LOI) value, defined by the minimum concentration of
oxygen in nitrogen required to support the combustion of the material for at least 3 minutes
or consumption of 5 cm of the evaluated sample [34, 35]. Thus, the higher the LOT value, the
more fire resistant the polymer is determined to be. Given that the oxygen concentration
of air is around 21%, materials with an LOI value below 21 are considered combustable
whereas those with values above 21 are classified as self-extinguishing or fire-retardant since

they cannot sustain combustion at ambient conditions without an external energy source.

Self-extinguishing materials interfere with the combustion cycle through various physical
or chemical mechanisms depending on their composition. The prevalent underlying mecha-

nisms include the following:

e [nert gas generation leading to dilution of the oxygen supply near the polymeric surface.
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This results in flame snuffing beacuse of the lack of available oxidizer.

e [nhibition of oxidation reactions by way of polymer degradation trapping free radicals.
In particular, the hydrogen radicals, responsible for important chain-branching reac-
tions to propagate the fuel combustion, and hydroxyl radicals, which are involved in
highly exothermic reactions in polymer decomposition needed to sustain combustion

(eg. OH- + CO — H- + COy).

e Carbon layer formation on the polymeric surface through low-energy solid state reac-
tions that proceed at the expense of gaseous volatile production. The formed layer also

acts as a physical semi-permeable barrier between the solid and gas phase regions

e Highly endothermic reactions in the polymer decomposition that act as a heat sink,

cooling the temperature to that below what can maintain combustion

Thorough discussion and a more complete list of the combustion cycle interence factors
in regard to polymer combustion can be found in Kiliaris et al. [34]. In general, the above
listed mechanisms are somewhat coupled and act in combination. The flame retardancy of
halogen based polymers is largely driven by the trapping of free radical species through the
decomposition process, inhibiting the promotion of oxidation reactions, and thus leading
to extinguishing and inhibition of flame propagation [36, 34]. This inhibition is often the
consequence of the generation of hydrogen halides, such as hydrogen fluoride (HF), hydrogen
bromide (HBr), and hydrogen chloride (HCI), or of halogen atoms for polymer molecules not
containing hydrogen. Thermophysical factors have also been shown to contribute to their
flame retardancy. In particular, the heat capacity of halogen atoms causes them to act
as heat sinks, reducing the available heat from polymer combustion gases and precluding
further thermal decomposition. Halogens can have a ”blanketing” effect wherein oxygen is
excluded from existing near the surface of the decomposiing polymer. They are believed to
catalyze oxidation of solid phase decomposition species, yielding products that can cyclize

and form a solid barrier layer over the surface of the burning polymer [37].

17



Despite their characterization as flame-resistant materials, halogenated polymers can
achieved sustained combustion at elevated temperatures when exposed to an external energy
or heat source, such as a surrounding fire. In these instances, the ongoing decomposition
processes with oxidation inhibition, as discussed above, can result in high concentrations
of hydrogen halides and carbon monoxide in the fire emissions that can be hazardous or
even lethal. Although theoretically-derived models of polymer decomposition exist that
incorporate some of the important underlying phenomena, their implementation for multi-
phase reacting flow simulations is complex and reaction pathway relative contributions are
largely lacking in experimental validation. Improvements to these halogenated flame resistant
models anchored to thermochemical data are crucial for improving predictions of toxicant

formation and emission hazard levels.

1.5 Solid Fuel Combustion Analysis Methods

It is of interest to create fundamental combustion experiments that enable a rigorous ex-
amination of the combustion zone for a solid fuel in oxidizer cross-flow. Measurements of
the evolution of critical gas properties in this zone (temperature, composition, other) can
enable thorough characterization of the competing physics of heat transfer, fluid dynamics,

and chemical kinetics.

1.5.1 Experimental Methods

Burners, of varied geometric configurations, are widely used to study hybrid combustion of
a solid fuel with a gaseous oxidizer. Many burners can produce and maintain stable flames
enabling steady diagnostic measurements for analysis and propellant flow rates are typically

well characterized and can be tuned to suit specific testing goals.

Stanford utilizes a flow facility with optical access to study hybrid combustion turbulent

reacting boundary layers for varied fuels reacting with a steady gaseous oxygen stream
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Figure 1.8 Stanford flow facility for imaging of hybrid combustion turbulent bound-

ary layers. Diagram from [4].

(38, 39, 19, 4]. They employ both Schlieren imaging and chemiluminescence diagnostic
methods as shown in Fig. 1.8. The flame location is estimated from imaging OH*, although
they note the challenges in obtaining quantitative OH* results due to indistinguishable signal
intensity offsets from broadband CO,* emission and conflicting studies on the relationship
of heat-release rates to chemiluminescent signals. The Schlieran images are used to discern
evolution of boundary layer height along the fuel grain from density. They infer the edge of
the thermal boundary layer by relating the observed density to temperature with the ideal
gas law. This facility and diagnostics have been used to study several classical and high-
regression hybrid rocket fuels including PMMA, HTPB, and paraffin wax. These studies
provided novel visualization results of paraffin-wax droplet entrainment and liquid layer
instability. Similar facilities including 2D slab burners coupled with optical diagnostics for
hybrid combustion visualization for propulsion research have been used at Université Libre de
Bruxelles, Politecnico di Milano, Chiba Institute of Technology with JAXA, and NASA Jet

Propulsion Laboratory (as previously discussed in Sec 1.3.1) , among others [40, 41, 29, 3].
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Counter-flow burners can also be used for combustion experiments analogous to a 1D
hybrid rocket system, in which the counter flow serves as a proxy for cross flow component
in hybrids After ignition, pyrolyzed fuel and product species emerge from a melted fuel
layer. A diffusion flame forms below the stagnation plane between the fuel-rich and fuel-lean
regions and the gases flow away from the injection systems along streamlines bounded by the
stagnation plane. As in hybrid rocket combustion, the heat feedback from the flame sustains
the ongoing pyrolysis post-ignition and the heat directly affects the fuel regression rates.
One such counter-flow burner at the Naval Surface Warefare Center has been used to assess
effects of varied oxidizers and fuels on regression behavior using high speed cinematography
coupled to linear variable displacement transducer (LVDT) traces for temporally resolving
regression rate[42, 43]. Modifications of this facility by removing the oxidizer nozzle and
replacing it with a hot air gun have provided data of particular interest for solid fuel ramjets
[43]. Recently, they have used data obtained using this facility with PMMA as the solid fuel

to develop and validate multi-phase numerical models [44].

Beyond propulsion applications, burner studies or hybrid combustion have also been
readily utilized by the fire science communities. Wind tunnels have been used to provide
concurrent airflow over thin fuel slabs, such as in Huang et al. [5]. This study, among numer-
ous others, have aimed to characterize the flame spread and the underlying complexities of
the turbulent boundary layer and interactions between flame and fuel [45, 46]. Their experi-
mental setup is shown in Fig. 1.9. The flame spread process was assessed using CCD cameras
that target the pyrolysis region front and rear positions, and enabled visual determination

of preheating length, flame tip position, and standoff distance.

In this dissertation, we utilize an axisymmetric solid fuel burner to analyze the com-
bustion behavior of hybrid rocket fuels with optical diagnostics. The first iteration of the
facility, related diagnostic methods, and early hybrid combustion experiments conducted
can be found in Bendana et al [6]. It should be noted that that caution must be exercised

when burning polymers and other materials in pure oxygen as they commonly produce toxic
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Figure 1.9 Concurrent air-flow over solid fuel slab burner configuration used for

experiments in [5].

gases in substantial quantities. All experiments shown in this study were located in a high-
efficiency low-volume laboratory fume hood (Kewaunee Scientific: Supreme Air LV) that

rapidly exhausts the combustion products at a rate of ~1150 cfm.

The vertical test stand was designed to accommodate solid cylindrical fuel grains with
an outer diameter up to 50.8 mm and lengths varying from 25.4 mm to 203.2 mm. The fuel
grains can be manufactured to incorporate different fuel port geometries; however, an ax-
ially symmetric profile is required for the tomographic reconstruction techniques discussed
herein. The setup enables in-situ measurements of the combustion zone by providing an
unobstructed optical line-of-sight at the exit-plane of the fuel grain (referred to as mea-
surement plane). In order to minimize the effects of entrainment/thermal boundaries on
the measurement, the measurement plane is located within ~0.5 mm of the fuel-grain exit,
and assumed to be primarily determined by upstream flow conditions. Spatially-resolved
measurements are obtained by mounting the vertical test stand on a motorized translation

stage (Thorlabs NRT'100) that moves horizontally at up to 5 mm/s during experiments. To
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Figure 1.10 Vertical test stand utilized for temperature and species measurements
in hybrid rocket combustion. Optical setup is shown for both CO and CO,/H,0

configurations used in [6].

conduct measurements at multiple axial locations for a spatially-resolved image, modular
blocks can be added/removed to allow different fuel grain lengths to be burned. This also
minimizes the amount of optical adjustments between experiments. Typically, the mass of
each fuel grain and diameter of the exit is measured before and after each test to estimate

overall equivalence ratio and regression rate.

During the experiment, gaseous oxygen is introduced into the center of a graphite pre-
combustion chamber with an internal diameter of 17.8 mm. The injector exit is located

15.2 mm from the front end of the fuel grain and is designed to be easily interchangeable
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to facilitate experiments with different injection geometries. Remote ignition is achieved via
an electrical igniter located in the precombustion chamber. After each hot-fire, a gaseous
nitrogen (Ny) purge system clears the lines of any excess oxygen and extinguishes the flame.
Oxygen and nitrogen flow rates are measured using a sonic orifice (D = 1.27 mm) with a
discharge coefficient of Cy = 0.85 and an upstream pressure transducer (Setra 225G), both
of which can be interchanged to target different flow rates. Further information on plumbing

and instrumentation can be found on the schematic in Fig. 1.11.
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Figure 1.11 Piping and instrumentation diagram illustrating both GOx and N, gas

delivery systems. Flow rates for all experiments are regulated using a sonic orifice

1.5.2 Diagnostic Techniques

To experimentally assess the coupled physics of fluid dynamics, chemical kinetics, and heat
and mass transfer involved in hybrid combustion, researchers have used a number of different

diagnostic methods. Many traditional instruments for measuring species and temperatures,
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such as thermocouples or mass spectrometry (via sampling probes), disturb the targeted
flowfield and are unsuitable for the extreme temperature and pressure conditions present in
rocket engines and other combustion systems. Instead, varied non-intrusive optical diagnostic
methods have been developed and employed to characterize harsh combustion environments
by exploiting light-matter interactions such as emission, absorption, scattering, and refrac-
tion. In this section, relevant optical diagnostic methods for propulsion and combustion will

be briefly reviewed, with discussion on their respective strengths and limitations:

e Laser-induced fluorescence (LIF) is a technique that uses intense laser radiation to
excite a molecule to an electronic state after which electronic relaxation occurs and
spontaneous emission of the previously absorbed photon is measured. Calibration is
required to interpret measurement data, but if done correctly, species concentrations
can be determined and, if multiple electronic transitions are measured for a single
species, temperature can be obtained as well. When extended into two-dimensions,
the method is commonly referred to as Planar laser-induced fluorescence (PLIF). PLIF
measurements of combustion environments have been made extensively across varied
applications and have provided insight into combustion processes. However, in con-
ditions relevant to propulsion systems, dynamic flowfields and harsh thermodynamics

make PLIF imaging unsuitable for most quantitative analysis.

e Raman Spectroscopy is based on targeting the spectra resulting from the scattering
of photons by molecules. In Anti-Stokes Raman scattering, interaction between a
molecule and a photon involves energy transfer from the molecule to the photon, re-
sulting in a decreased wavelength of the photon. Often, multiple light sources are
used to produce a single coherent beam at the anti-Stokes frequency called Coherent
anti-Stokes Raman spectroscopy (CARS). The resulting measurements can be done
with high spatial and temporal resolution making it a very useful tool for combustion
diagnostics; however, CARS calibration and alignments can be highly complex and

costly.

24



o Chemiluminescence is electromagnetic radiation that is emitted by molecules when
they relax from an excited energy state to a lower energy state through chemical
reactions. Diagnostic instruments targeting chemiluminescent radiation often target
OH-, CH-, C,-, and CO,- in the visible and ultraviolet spectral ranges. These tools
are attractive for combustion diagnostics due to their simplicity and non-instrusivity.
Chemiluminescence data can provide information about relative conditions in flow-
fields and have be used to determine equivalence ratios, flame locations, and heat
release rates; however, quantitative interpretation of the data is challenging and is often
based on empirical correlations and modeling for specific conditions. Calibration must
also be performed and is specific to each experiment setup, limiting the feasibility of
implementing chemiluminescent diagnostics outside of carefully controlled laboratory

experiments.

e Schlieren imaging uses deflection of light as a proxy for determining index of refraction
changes in the air which enables inference of density variation. A point-like light
source, such as a laser, is pitched across the gas sample of interest to a spherical mirror
with a long focal length that focuses the light onto a thin light block in front of a
camera. Changes in refractive index in the gas will lead to deflection of the focused light
beyond the light block, which will be captured on the camera. Schlieren imaging can
be useful for determining position and length scales in combustion environments, such
as boundary layer height or flame location, and for flow field visulization. However,
these measurements are limited in their quantitative nature and lack capability of

determining most thermochemical properties.

o Fourier-transform infrared (FTIR) spectroscopy similarly targets infrared molecular
absorption. FTIRs utilize broadband light sources that can capture spectrally-resolved
absorbance over a large spectral domain. The radiated light passes a gas sample
through an interferometer before reaching a detector. The resulting interferogram sig-

nal is amplified and a Fourier transform is performed to convert the recorded waves into
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the frequency domain, providing absorbance as a function of wavelength (or wavenum-
ber). FTIRs can be useful for detecting multiple species given the broadband light
source radiation; however, the granularity of their spectral resolution is limited and
their data acquisition speeds (on the order of seconds to minutes) makes them insuffi-
cient for many combustion sensing applications. Additionally, the gas sample typically
has to travel from a flowfield probe through plumbing infrastructure to the FTIR dur-
ing which time the gas temperature and composition may be affected, compromising

the validity of the results.

Laser absorption spectroscopy (LAS) is a optical diagnostic technique that exploits
absorption of light at wavelengths resonant to molecular energy level transitions to de-
termine thermophysical properties of a gas. Molecular species have unique absorbance
spectra, enabling quantitative species-specific measurements. LAS measurements have
been used in numerous combustion environments to successfully target fuel, interme-
diate, and product species. Unlike for LIF and Raman spectroscopy, laser absorption
spectroscopy is calibration-free. Successful quantitative measurements using LAS can
be obtained using low-power, relatively inexpensive lasers and simplistic optical align-
ment configurations. Advancements in laser technology in the last few decades have
enabled LAS measurements of previously inaccessible strong absorption features in
the mid-infrared wavelength range, extending the diagnostic’s capability to additional
species and increasingly sensitive detection limits. Many other diagnostics lack the
species specific sensitivity, time resolution, and possibility for spatial resolution (by
way of tomography and imaging, see Sec. 2.3), that can be achieved with laser ab-
sorption spectroscopy and provide uniquely granular assessment of hybrid combustion

performance.
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1.6 Scope and Organization

This dissertation details the development and implementation of laser absorption spec-
troscopy and tomography methods for resolving reacting flow thermochemistry relevant to
hybrid combustion of solid fuels. The overarching goal is to improve understanding of the
combustion physics in the reacting boundary layer near the fuel surface. The utility of
such measurements are demonstrated through application to fuels relevant to hybrid rocket

propulsion and fire toxicity.

The work is organized into chapters for narrative clarity. Chapter 2 provides a brief review
of laser absorption spectroscopy, the key diagnostic uniting the research across different
experimental methods and applications. Chapter 3-5 focus on investigations of hybrid rocket
motor combustion with PMMA /GOx propellants. Specifically, Chapter 3 details a method
for obtaining two-dimensional measurements of the thermochemical structure. Results are
presented for two different axial oxidizer injectors to illustrate the scale of the effect such
geometry can have on the flowfield evolution. Chapter 4 extends the previous study to
include injectors with varied axial and swirl inlet port configurations of increased relevance
to larger scale hybrid rocket applications. The data presented in Chapters 3-4 are analyzed
further in Chapter 5 in which a method for determining local characteristic velocity (¢*) from
temperature and speciation measurements is detailed. Two-dimensional spatially-resolved
characteristic velocity images are presented for the studied oxidizer injectors and used to
draw conclusions about their combustion efficiency and comparative utility. In Chapter 6,
the focus is shifted from PMMA to the monomer: methylmethacrylate (MMA) with the goal
of improving modelling efforts of PMMA combustion. This chapter details a shock tube study
of thermal decomposition of MMA via time-resolved LAS measurements of intermediate and
product species. Existing relevant chemical kinetic mechanisms are discussed and compared
with the experimental data. Updated reaction rates for identified sensitive reactions are

included based on findings using computational optimization techniques. Chapter 7 revisits
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the laser absorption tomography strategy utilized previously for hybrid rockets and extends
the capability to study other fuels with PMMA as a pilot burner. In particular, this chapter
focuses on the combustion of polytetrafluoroethylene (PTFE), a fire-resistant polymer often
referred to by the brand name Teflon, studied via measurements of carbon monoxide and the
highly hazardous toxicant, hydrogen fluoride. The goal of this study of PTFE was to provide
data to inform models of incipient formation of toxicants in structural fires. Finally, Chapter
8 summarizes the efforts and findings of this dissertation and discusses future research efforts
to advance hybrid combustion understanding for both rocket propulsion and fire toxicity

applications.
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CHAPTER 2

Mid-infrared Laser Absorption Spectroscopy

Laser absorption spectroscopy (LAS) is an optical diagnostic technique that exploits the
resonance of coherent light with the transitions between quantum energy states for a given
species. Its usage has been increasingly widespread over the last two decades as capability
has continually advanced for characterizing flow-fields with species specific, high bandwidth,
calibration-free, and in situ measurements. Developments in optical equipment, have enabled
sensitive measurements of combustion relevant species previously inaccessible with LAS. In
particular, quantum cascade lasers (QCLs) and interband cascade lasers (ICLs) have made
the mid-infrared range, where spectral transitions are significantly stronger in magnitude
than those in the near-infrared, more readily accessible. The increased availability of strong
absorbance features in the mid-IR has enabled diagnostics with high sensitivity for several
fuel, intermediate, and product species relevant to hybrid combustion. Spectral absorption
strength of several such species are shown in Figure 2.1, simulated at a condition of 1000K
and 1 atm using spectral paramters from the HITRAN database [7]. This chapter discusses
the fundamental governing principles of laser absorption spectroscopy and the measurement
techniques leveraged to obtain in-situ measurements of physical gas properties including
temperature and species composition within harsh high-temperature hybrid combustion en-

vironments.
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2.1 Fundamentals

An overview of the fundamentals of laser absorption spectroscopy is provided here for reader
familiarity with common nomenclature and definitions; a comprehensive review can be found
in [47]. Species have unique spectral “fingerprints”, determined by the energy spacing be-
tween the quantum states (transitions) specific to a given molecule. By exposing a molecule
to coherent light radiation of equivalent energy to the targeted species’ quantum energy
spacing, the molecule can absorb photon energy and transition from a lower state to an
upper state quantum energy level. Energy contained by photons of a particular wavelength

is specified in Eq. 2.1:
_ he
A

where £ is Planck’s constant [m?kg/s], c is the speed of light [m/s], and A is the wavelength
of light [m].

E (2.1)

The absorption of light that allows for the transition between energy levels results in an

o

o

10

x:*Linestrength [cm'zlatm]

2000 3000 4000 5000 6000 7000 8000 9000 10000
Wavelength [nm]

Figure 2.1 Spectral survey of absorption linestengths for select combustion rele-

vant species. Spectral parameters used for simulation obtained from the HITRAN

database [7].
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attenuated light intensity of the source (i.e. laser beam). The Beer-Lambert law relates
the change in light intensity (via spectral absorbance) to thermochemical properties of the
flow environment. Eq. 2.2 describes this relationship for the spectral absorbance, a(v), of a

non-uniform gas medium along a line-of-sight, { [cm]:

--n()

- [ E P xine

J

(2.2)

Here I, and I; are the incident and transmitted light intensities, respectively, at a specific
frequency, v [em™!], L [cm] is the aggregate absorbing path length, P [atm] is the total
pressure, S;(T(1)) [em™2/atm] is the linestrength of rovibrational transition, j, at temper-
ature, T'(1) [K], X;(1) is the mole fraction of the absorbing species, i, and ¢;(v) [cm] is the
line-shape function. It should be noted that this expression is a line-of-sight integral over an

optical path length with non-uniformity in temperature and species.

For a gas in thermal equilibrium, the temperature-dependent linestrength for each tran-
sition j at temperature T' can be determined by Eq. 2.3:

50 =500 S (1) eon |- (7 - 1)

—
0

where Tj is the reference temperature, () is the species partition function, E] is the lower

(2.3)

state energy of the transition, v ; is the center frequency of the transition, and k is the
Botlzmann constant (1.38 - 1072 J/K). The normalized lineshape function ¢ for a given
transition over the unbounded spectal domain, by definition, integrates to 1:

pdv =1 (2.4)

—00

This lineshape function is typically approximated by a Voigt function, which is a convo-

lution of Gaussian and Lorentzian distribution functions reflecting Doppler and collisional
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broadening effects, respectively. Doppler broadening occurs when the velocity component
of a molecule in the same direct of photon propagation causes absorbance to occur at a
Doppler-shifted frequency. For molecules following a Maxwellian-velocity distribution, the
absorption line shape affected by Doppler broadening can be described by a Gaussian profile

as:

_ 2 (m2yap v—wmy\*
¢p(v,T) = (=) exp | —4 In2 o (2.5)

where Ap j[em™!] is the Doppler halfwidth given by:

| T
Ap; = 1,(7.162321077) i (2.6)

wherein T[K] is the temperature and M|[g/mol]| is the molecular weight. Doppler width
increases proportionally with temperature, as in Eq. 2.6, and, to a lesser effect, with increased

frequency and decreased molecular weights.

Collisional broadening occurs when inelastic collisions decrease molecular lifetime in an
absorbing state, elastic collisions dephase and perturb molecular rotation and/or vibration,
or angular-momentum altering elastic collisions cause a re-orientation of the dipole’s angular
momentum vector. When collisional broadening effects are prevalent, such as for high density

gases, the absorption lineshape takes the form of a Lorentzian profile such as:

¢L,j(yv T, P, XZ) = i [( AVCJ %)2] (2.7>

where Ave j[em™] is the collisional halfwidth given by:
Ave (T, P, X;) = P Xp2yi-n), (2.8)

where Platm| is the pressure, y(_x);lcm™'/atm] is the broadening coefficient between
the molecule absorbing, i, and the molecule perturbing, k, for some rovibrational transition
j, and X} is the perturbing species mole fraction. The effects of self-broadening (where

i = k) must be included in determination of collisional broadening. The collisional width, as
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indicated by Eq. 2.8, scales linearly with pressure. The effects of temperature are contained

within the vy;_g);(T") term.

The resulting Voigt lineshape function, encompassing the effects of both Doppler broad-
ening (Gaussian distribution) and collisional broadening (Lorentzian distribution), can be

written as:

a / T ey e (2.9)
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where ¢p(1p) is the Doppler linecenter magnitude, a is the Voigt ”a” parameter, w is the

nondimensional line position, and y is the integral variable:
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These equations are the theoretical basis from which laser absorption spectrocopy tech-
niques are derived. The spectroscopic parameters needed to apply this theory to real mea-
surement systems are obtained from theoretical derivations as well as experimental spectro-

scopic studies.

2.2 Direct absorption spectroscopy

Scanned-wavelength direct absorption spectroscopy (DAS) is among the most widely utilized
methods grounded in laser absorption spectroscopic principles. Its appeal is related to its
relative implementation simplicity, wide applicability, and signal processing requirements.
In this technique, a light source, often a tunable semiconductor distributed feedback laser, is

sent a modulating injection current that results in a simultaneous output light wavelength

33



and intensity modulation. The modulation (often in a waveform shape that is sinusoidal,
sawtooth, triangular, or square) is selected such that the output light scans over wavelengths
that are resonant with molecular absorbance transitions. The light is directed such that it
passes through a target gas flow or gas sample and the transmitted light is recorded by a
photodetector. Absorbance is obtained from the ratio of the transmitted light to the incident
output light through Eq. 2.2. The absorbance signal is fit (typically) with a Voigt lineshape
function as discussed previously and gas properties can be obtained from the absorbance
areas. From the Beer-Lambert Law relationship, the gas temperature can be determined
from simultaneous measurement of two absorption transitions of the same molecule through

two-line (or two-color) thermometry:

. Al Sl(T>

=28 p) (2.14)

R=21
Ay So(T)

This absorbance area ratio is a function of temperature alone, eliminating the dependence
on pressure, pathlength, and concentration. With temperature know, mole fraction can be

subsequently determined from the area of a single transition through:

A
= PSL (213)

A given gas species contains many candidate absorption transitions that can be optically
targeted, so careful line selection is required for optimal sensor performance. The most
suitable transitions for this methodology are spectrally distinct lines that avoid cross-species
interference due to other species present in the gas medium with similar transition energies.
Additionally, a high-temperature sensitivity of the line pair ratio is desired. To achieve the

desired sensitivity, we examine the linestrength ratio, R(r), dependence on temperature, 7"

dR/R he\ |EY — EY|
)~ (5) S 210
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It is worth noting that line pairs with a large difference in lower state energy, AE”, are
desirable for sensitive thermometry, correlating to absorption transitions with very different

temperature dependence over the dynamic range of interest.

2.3 Laser absorption tomography

Tomography is a technique by which an unknown spatial distribution of interest (inverse
problem) can be reconstructed from a set of projection measurements (forward problem). In
laser absorption tomography (LAT), this involves recovering a distribution of gas properties
from multiple line-of-sight measurements. For the applications discussed in this dissertation,
one-dimensional (1D) tomography was employed, enabled by the axisymmetric nature of
the experiments, which enables reconstructionof the flow-field from a single projection angle
[48]. The forward problem projected absorbance is still governed by the Beer-Lambert Law,
as in Eq. 2.2, where absorbance depends on the total pressure, transition line-strength,
mole fraction, lineshape function, and aggregate path length. The projected absorbance
measurements can be integrated over the spectral domain to eliminate dependence on the
line-shape function, ¢;(). This integrated term is the projected absorbance area, Ap0i(y)
[em™!], which, for an azimuthal symmetric flow-field, can be obtained at discrete locations,
y [em], from the axis of symmetry and, using Abel’s integral equation [49, 50], can be related
to the inverse problem through estimating the radial distribution of the integrated spectral

absorption coefficient, K(r) [cm™2]. This relationship is described by Eq. 2.17:

M) = [ alw)iv

z?y) R r\r
= /0 K(l)dl = 2/y %dr (2‘17)
_ / v S PS,(T(1) X1l
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In Eq. 2.17, L(y) [cm] is the absorbing path length at position, y, from the axis of sym-
metry and the radially-resolved thermochemical flow-field properties, T'(r) and X;(r), are
embedded in K (r), which can be determined from A,,;(y) using the tomographic reconstruc-
tion methods discussed in [6]. As previously noted, this approach assumes an axisymmetric
flow-field, which is expected in the gas-phase core flow of a cylindrical fuel grain for a hy-
brid rocket geometry. The relationship between the projected and reconstructed coordinate

systems are shown in Fig. 2.2.

Temperature and species are recovered from measurements of the projected absorbance
areas, which are inverted via tomography to yield the integrated spectral absorption coeffi-
cients for various spectral lines. A,;(y) is obtained by fitting a Voigt line-shape function to
the absorbance profile of each absorption feature. These features may encompass one or more
transitions (j > 1) that are closely spaced. For the latter case, Apwj(y) and K(r) simply
represent a summation of individual contributions, which can be reasonably well extracted
from a Voigt fit. In practice, T'(r) is obtained by measuring two spectral absorption features
of the same species and taking the ratio between the two integrated spectral absorption
coefficients, K;(r) and Ks(r). This eliminates the pressure and mole fraction dependence

and T'(r) can be inferred from the linestrength ratio, as shown in Eq. 2.18:

LK) S S(T()
B0 =0 = 5,5,@0)

Linestrength values, S;(T'(r)), for each species and their associated uncertainties are

= [(T(r)) (2.18)

taken from the HITRAN [51] and HITEMP [8] spectroscopic databases. Eq. 2.19 indicates
that, with pressure and the radial distribution of temperature known, X;(r) of the absorbing

species, i, can be evaluated from the integrated spectral absorption coefficient, K (r):

_ K@
>, PS,(T(1)

Implementing this strategy for multiple transverse planes at varying axial distances in

Xi(r) (2.19)
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the solid-fuel reaction layer enables quantitative two-dimensional imaging of temperature

and gas composition [52, 53, 6].

2.3.1 Deconvolution Methods

This section discusses the deconvolution methods used to convert line-of-sight absorption
data to radially-resolved profiles of the integrated spectral absorption coefficient, K'(r), which
are in turn utilized for determining temperature and species profiles. With the assumption
of axisymmetry, the spatial distribution of a line-of-sight measurement is well-described by
Abel’s integral equation [49, 50:

IO

NCE

P(y) =2 dr (2.20)

Kinz(‘?

Figure 2.2 Axisymmetric flow-field deconvolution coordinate system and geometry
from line-of-sight measurements. The radially-resolved absorption coefficient K (r)

can be reconstructed from the projected area A,,,;(y) through an Abel transform.
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where R is the field radius and y is a given distance from the axis of symmetry. In this work,
P(y) is the measured projected absorbance area, Ap0;(y), and f(r) is the radial distribution

of the integrated spectral absorption coefficient, K (r), as seen in Eq. 2.17.

In practice, the Abel inversion is implemented numerically [54], and the field distribution,
f(r), is approximated by implementing the three-point Abel (TPA) transform [55]. This
enables Eq. 2.17 to be written at every radial location, r, giving rise to a system of linear

equations:

Appaf =P (2.21)

where f = [fo, fi,...fn-1]" and P = [Py, Pi,...y_1]" contain values of K(r) and Ap.;(y),
respectively, at every radial location and Arpa is the projection matrix. To solve Eq. 2.21
and address the inherent ill-conditioned nature of Arpa, a Tikhonov-regularization [54] is
adopted.

The Tikhonov method imposes a regularization parameter, A, that controls the relative
importance of accuracy and smoothness in the solution to the inversion. This regularization

can be represented as an additional set of equations that constrain the solution:
ALof =0 (2.22)

where Lo (IV x N) is a discrete gradient operator that characterizes the smoothness of the

solution: ) )
1 -1 0 0
0o 1 -1 0
Lo=|: . . 0 (2.23)
0 0 0 -1
0o 0 0 I

An appropriate value for \ is determined for each reconstruction based on the L-curve

method [56, 57]. A least-squares solution of the field distribution, f(r), can now be deter-
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mined by combining Eq. 2.21 and Eq. 2.22:

Atpa P
fy = arg min|| | | f— (2.24)

ALg 0
The described technique enables reconstruction of the integrated spectral absorption
coefficient, K (r), from the measured projected absorbance areas, Ap;(y). K (r) can then

be utilized as above to obtain radially resolved profiles of temperature and mole fraction, as

detailed above, by Eq. 2.18 and Eq. 2.19, respectively, at a single measurement plane.
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CHAPTER 3

Axial injector effects on hybrid
polymethylmethacrylate combustion assessed by

thermochemical imaging

3.1 Introduction

This work compares two canonical hybrid rocket oxidizer injector designs via spatially-
resolved measurements of temperature and mole fractions of CO, COs, and H,O within
the near-surface reaction layer of a solid-fuel combustion experiment involving polymethyl
methacrylate (PMMA) and gaseous oxygen (GOx). In the following sections, the underly-
ing theory and experimental methods are first described, followed by measurement results
at several axial positions (fuel grain lengths) with a single-port axial injector design and a
multi-port axial showerhead injector design. Two-dimensional thermochemical results are
compiled to illustrate the reaction layer spatial evolution. Cold-flow computational fluid
dynamics simulations are also performed to compare the initial flow characteristics of the
respective injectors, the results of which are used along with hybrid rocket injector theory

to interpret the granular measurements.
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Figure 3.1 Dimensioned drawings for the single-port and axial showerhead injectors
alongside a cross-sectional view of the hybrid rocket motor geometry used in all

experiments. Units: mm [in.]

3.2 Methods

3.2.1 Injector geometries

Dimensioned drawings of the injectors are provided in Fig. 3.1. These injectors represent a
canonical single axial port design and a multi-port axial showerhead design. The single-port
injector design is perhaps most common and simple for hybrid rockets and provides a baseline
for comparative analysis. The single port design examined here has an inner diameter of 5.1
mm (0.2 in.) expelling a concentric oxidizer jet into the core of the combustion chamber.
The showerhead injector design consists of 12 axial ports (d = 0.64 mm (0.025 in.)), evenly
distributed about two concentric rings, the outermost ring being at the same diameter as the
single-port injector. As mentioned, flow rate through the injectors is controlled by a choked

orifice with prescribed back-pressure upstream.
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Figure 3.2 Absorbance simulations at representative combustion conditions for CO,
COg, and H50O thermochemistry measurements. Individual transitions comprising

each feature are shown in black.

3.2.2 Sensing strategy

Wavelength selection for LAS is influenced by the absorption strength, spectral isolation,
and temperature sensitivity of the transitions (called lines) at the expected flow-field condi-
tions. In order to develop a rigorous sensing approach suitable for a variety of hybrid rocket
systems, a range of operating conditions was estimated through thermochemical equilibrium
calculations [58, 59] for multiple hybrid rocket fuels (PMMA, HDPE, paraffin, etc.). These
results provided upper bounds on the theoretical maximum temperature and species concen-
trations in the flow-field, which helps in simulating and surveying the rovibrational spectra

of the target molecules.

Fig. 3.2 shows simulated spectra of the specific rovibrational lines chosen for CO, COs,,
and H,0 sensing at expected hybrid rocket combustion temperatures and concentrations.
For CO and CO,, the strongest rovibrational transitions with minimal H,O interference oc-
cur in the fundamental bands centered near 4.7 um and 4.3 um, respectively. However, in
this region, the R-branch of CO and the P-branch of CO, interfere significantly with one an-

other near 4.4 ym, making it difficult to target spectrally-isolated transitions. Consequently,
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absorption features in the more isolated P-branch of CO near 4.98 ym and R-branch of CO,
near 4.19 ym were chosen for thermochemistry measurements [60, 61]. The absorption spec-
tra of HyO, which is present throughout most of the infrared, is strongest at the fundamental
vibrational frequencies (important for probing short pathlengths). The fundamental band
of HyO near 2.48 um offers spectral windows of relatively strong well-isolated transitions
suitable for LAS sensing. Line pairs A and B from CO and line pairs D and E; plus Es from
H,O are utilized to obtain gas temperature in addition to mole fraction distributions of the
flow-field. With the temperature field known, CO, mole fraction is then obtained through
lines C'y and C5. The relevant spectroscopic parameters for the selected transitions, as well

as associated uncertainties and source databases, are detailed in Table 3.1.

Line Species Wavenumber £ S(296 K)

[em ] [em™]  [em™/(molec-cm™?)]
A co* 2008.42 5051.74 1.149 x 1072
B CO* 200853 190113 2.669 x 10221

C;  CO* 238281  4677.40  4.659 x 10727
C,  CO* 238385 476290  3.105 x 107270
D H,0*  4029.52  2660.94  4.570 x 107240
Ey H,0OP 4030.48  7193.51  3.285 x 107340
E, H,0" 403049  5949.22  2.019 x 1073©)
E H,0* 403050  4902.61  9.679 x 10~29G)
Ey H,0>  4030.70  8916.25  4.788 x 107374
Ey H,0* 4030.73  4889.49  1.154 x 10726

2 Values taken from HITRAN 2016 [?]
b Values taken from HITEMP 2010 [8]
Uncertainty codes: (V1-2%, ®2-5%, $10-20%, 9 >20%

Table 3.1 Spectroscopic parameters for targeted CO, CO,, and H,O transitions
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Figure 3.3 Linestrength, S(7'), and temperature sensitivity, (dR/R)/(dT/T), as a

function of temperature for the CO and H,O line pairs used in this study.

As discussed previously, the temperature distribution of the flow-field is obtained through
CO and H50O absorption. In order to assess the temperature sensitivity of the line pairs, the

linestrengths, S(7'), of each transition are plotted in Fig. 3.3.

It should be noted that the linestrengths of line F; and line F, exhibit a very similar
temperature dependence; therefore, to simplify the analysis and increase the robustness
of the thermometry measurement, the two values were summed and treated as a single
transition (i.e. line group E). The same procedure was done for line C; and line Cy (line
group C). The temperature sensitivity, (dR/R)/(dT/T), of each line pair was evaluated
numerically through Eq. 4.3 over the temperature range of interest. The large difference in

lower state energies, AE”, between the paired transitions (shown in Table 3.1) results in high
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temperature sensitivity at the expected combustion temperatures, reducing the uncertainty

of the resulting profiles obtained from tomographic reconstruction [62].

3.2.3 Testing procedure

All of the light sources in this study were scanned in wavelength by modulating the injection
current at a frequency of 2 kHz using a sawtooth waveform, as seen in Fig. 3.4. In order
to correct for thermal emission during the experiment, each laser was also scanned below
its lasing threshold to provide a baseline for the detector. A germanium etalon with a free

! was used to find the relative frequency in the time domain.

spectral range of 0.0231 cm™
Data were collected on a data acquisition card (NI PXI-6115) at a sample rate of 2.5 MHz
with every 100 scans binned for averaging and statistical analysis. For a translational motion
of 5 mm/s, this yields an effective sample resolution of 0.25 mm in the radial direction (half

the beam diameter). Thus, the radial spatial resolution can be approximated by the beam

diameter.

Fig. 3.4 illustrates representative transmitted, I;, and incident intensities, Iy, recorded
on each detector. In order to measure [, appropriately, background measurements were
taken while horizontally translating the test stand—as is done during a hot-fire test—and
purging N, gas through the fuel grain. These background measurements effectively correct
for ambient water vapor and/or CO, present in the targeted flow field that would otherwise
interfere with the transmitted intensity. It should be noted that the selected absorption lines
are weakly active at room temperature, thus having little ambiguity when measured in the
high-temperature combustion exhaust. Data collection and horizontal translation during a
hot-fire test commenced once a repeatable quasi-steady-state was reached (typically < 1 s
after ignition). The system was translated 30 mm to ensure measurements over the full
combustion zone and aid tomographic reconstruction efforts. Transient effects inherent to
hybrid combustion systems were found to be negligible during the measurement time. This,

along with test repeatability, is discussed further in [6].

45



1.0 CO Measurement (I,) —-—-Background (I ;) .
05+ J
0 T T T T T
—1.0rCO 1
= 2
S,
=
‘w 0.5 1
[
o)
= _
0 === # # 1
10rH.O Line D i
2 Line Eﬁ%
05+ / J
(R / | | 1 1
0 0.1 0.2 0.3 04 0.5

Relative time [ms]

Figure 3.4 Representative direct-absorption scans for targeted CO, CO,, and HyO
transitions, [;. The dashed lines indicate the background signals, Iy, taken with the

flame off and a N, purge through the fuel-grain core.

3.2.4 Spectroscopic data processing

This subsection outlines the process used to convert the line-of-sight absorption data into
radially-resolved profiles of the integrated spectral absorption coefficient, K (r), from which
the temperature and species profiles can then be extracted [52, 53, 63, 64]. The flame is
assumed to be axially-symmetric to enable reconstruction of the flow-field from a single pro-

jection angle [48] using a regularized Abel transform [52, 6]. This one-dimensional strategy is
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Figure 3.5 Measured absorbance averaged over 100 scans versus wavenumber. The
corresponding Voigt fits illustrate a 95% confidence interval of the measured data.

Reasonable residuals for each fit confirm appropriateness of a Voigt line shape model.

implemented at multiple axial positions downstream of the injector (by way of using differing

fuel grain lengths) to obtain two-dimensional images [52, 53, 64, 6].

The key data processing steps from line-of-sight absorption measurement to temperature
and species inference are shown in Fig. 3.6 at a representative axial position. The measured
absorbance, a(r), was obtained through Eq. 2.2 using the incident and transmitted light
intensities. A Voigt line-shape function was least-squares fit to the targeted lines over the ab-
sorbance spectra. The absorbance results were averaged (over 100 laser scan periods) prior to
calculating the projected absorbance areas, Ap.j(y), through Eq. 2.17. The aforementioned
mechanical translation of the vertical test stand enabled spatial resolution, plotted here as a
function of distance, y, from the center of the fuel grain or gaseous core (y = 0 mm). Ap,0i(y)
measurements across the full reaction zone were mirrored and averaged about the fuel grain
center to confirm axisymmetry. Afterwards, a Tikhonov-regularized Abel inversion scheme
was implemented to transform the A,,;(y) distributions into radially-resolved profiles of the
integrated absorption coefficient, K(r). Temperature for HoO and CO (when sufficiently
abundant) was extracted from each radial K(r) value through Eq. 2.18 and, thereafter,

mole fraction for each species was found from Eq. 2.19 to get the complete radially-resolved
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thermochemical flow-field.

A few additional details and assumptions are notable in the laser absorption tomography
data processing. To implement the spectral fitting, the Doppler width, Avp, was fixed corre-
sponding to a temperature estimate from chemical equilibrium. Ap,,;(y) and the collisional
width, Ave, were set as free parameters and were solved for using the temperature estimate.
This determined A,,.;(y) was then used to calculate a path-integrated temperature using the
two-line thermometry technique shown in Eq. 2.18 and the Doppler width was recalculated
using this new temperature. This process was iterated upon until the resulting temperature
converged. It should be noted that the transition line-shapes are not expected to perfectly
correspond to a Voigt profile due to overlapping transitions and thermochemical gradients
along the line of sight; however, Voigt line fitting proved to be a sufficient method for re-
covering the projected line areas with a relatively low residual error [64, 52]. A Voigt fit
over the measured absorbance for the pair of targeted CO lines is shown in Fig. 3.6. The
fractional residuals were typically less than 3% for CO, less than 2% for CO,, and less than
3% for HyO. From the fitted absorbance spectra, the projected absorbance areas, Ap.i(y),

were determined for each height of PMMA fuel grain to attain two dimensional images,
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Figure 3.6 From left to right: Measured CO absorbance with a Voigt line-shape
fit, Aproj versus distance y from the center of the fuel grain, Abel-inverted radially-

resolved K, and the resulting planar thermochemistry distributions
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representing a snapshot of the spatially-evolving reaction zone.

3.2.5 Fuel regression analysis

In addition to the optical measurements, the total burn time and post-test fuel grain mass
were used to calculate fuel regression rate, effective mass fluxes, and oxidizer-to-fuel ratio.
For a fuel-grain with a circular port geometry, as used in this study, the space-time averaged
regression rate, 7 [mm/s|, during a hot-fire can be determined as follows:

m;  Dy— D,
WprfD 2tb

;=

(3.1)

where p; [g/mm?] is the density of the fuel (11.85 g/mm?® for the PMMA used), L; [mm]
is the length of the fuel grain, and m; [g/s] is the space-time averaged fuel mass flow rate,
which can be determined by dividing the total consumed fuel mass, AM; [g], by the total
burn time, #, [s]. D [mm] is the space-time averaged port diameter given by the initial and
average final port diameters, D; [mm] and D; [mm], respectively [32]:

D; + Dy
2

D= (3.2)

Previous works [65] have found that D; can be most accurately estimated based on the total

consumed fuel mass, AM;, measurements:

1AM
mpsLy

+

D= ,|D?

)

(3.3)

In addition to the average final port diameter, Df, it is often of interest to also compare
dimensional measurements of the fuel-grain port diameter at the aft end of the oxidizer
injector. This was conducted for each fuel-grain length and the reported diameter is referred
toas Dp,. It is important to note that Eqs. 3.1-3.2 assume a constant regression rate around
the circumference of the fuel-grain port at any given axial location. This is a well-accepted
approximation for fuel-grains with circular ports, but loses validity when considering other

geometries.
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With knowledge of the space-time averaged port diameter, the space-time averaged ox-
idizer mass flux, G,, [g/mm?s], and the space-time averaged total mass flux, G [g/mm?s],

can also be determined:

- 41,
ox — = 3.4
52 (3.4)
R TC
G=—"—+—- 3.5
7 (3.5)

where 1, [g/s] is known through the use of a calibrated choked orifice as discussed in Sec.
1.5.1. Although the focus of this work was not to characterize regression rate behavior, Eq.
3.1 and Eq. 3.4 can be used to determine the empirical constants found in Eq. 3.1 that

govern hybrid rocket performance for a given propellant combination and motor design.

Another key parameter in assessing combustion performance is the propellant O/F ratio.
The space-time averaged O/F ratio can be calculated through the oxidizer and fuel mass
flow rate measurements:

O/F = = (3.6)

Determination of the O/F ratio provides a parameter to estimate combustion product com-
position through chemical equilibrium calculations. Since Eq. 3.6 involves space-time aver-
aged parameters (1), different O/F values are reported depending on the total integration
time being considered. In this study, two integration times were considered, the total burn
time, t,, which accounts for the full hot-fire burn, and the total measurement time, t,,,
which provides a more appropriate reference condition for the spectroscopic measurements.
A summary of all the experimental conditions including the aforementioned parameters are

reported in Table 3.2, with detailed discussion in the following section.

3.3 Results and discussion

To quantitatively evaluate the influence of oxidizer injector design on PMMA /GOx com-

bustion, planar thermochemistry measurements (7', CO, COg, HyO) were conducted over
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a range of fuel-grain lengths for two injector geometries. Planar measurements were then
compiled into two-dimensional images to better highlight the spatial evolution of the solid-
fuel reaction layer. This section details the results obtained from the spectroscopic sensing
and discusses the observed trends in combustion behavior that arise from varying injector
design. In addition, the experimental measurements are complimented with cold-flow com-
putational fluid dynamics (CFD) simulations to help visualize the initial flow structure and

identify mechanisms that result in variable combustion performance.

3.3.1 Planar thermochemical measurements

Planar temperature and species measurements were conducted for fuel-grain lengths vary-
ing from 25.4-139.7 mm (1-5.5 in.) in 12.7 mm (0.5 in.) increments. The individual
test details for both injector designs are summarized in Table 7.1. As discussed in Sec.
3.2.4, radially-resolved temperature fields were reconstructed for each fuel-grain length using
multiple spectral transitions from HyO and CO (illustrated in Fig. 3.2). With a known
temperature distribution for each fuel-grain length, radially-resolved species profiles for CO,

CO4, and HyO were also obtained.

Fig. 3.7 shows the radial spatial evolution of the temperature field for both injector
designs at multiple downstream distances. We note again that » = 0 mm corresponds to the
core of the cylindrical axisymmetric flow. The radial distance associated with the boundary
of the gaseous core and fuel grain surface involves some ambiguity due to phase-change and
the lack of combustion products in the initial fuel pyrolysis, but is estimated to be within
0.5-1 mm of the termination of the data array, supported by post-test measurements of grain
diameter. The right side of Fig. 3.7 plots equilibrium temperature versus equivalence ratio,
¢, for PMMA /GOx combustion at atmospheric conditions for reference. While equivalence
ratio is determined globally by the fixed oxidizer mass flux and corresponding burn rate, it
is expected that the developing reaction layer is characterized by a range of local equivalence

ratios as discussed in Sec. 1.3.1 Of most immediate note, we observe that the maximum
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expected equilibrium temperature over the range of ¢ (7., ~ 3060 K), matches very well
with the local maxima of each radial profile, with the exception of the lowest axial distances
for the single-port injector, wherein the combustion zone appears to be developing and is
likely diluted. For both injector designs, there is a progressive shift of the local maximum
temperature towards the core with increasing axial distance, representative of radial diffusion
and mixing. However, the two injectors exhibit distinct radial profiles, with higher core
temperatures (at r = 0 mm) observed at much shorter axial distances for the showerhead
injector relative to the single-port injector, suggesting that the core flow remains lean for

the single-port at longer axial distances.

A similar planar comparison is shown in Fig. 3.8, which depicts respective radially-
resolved CO, CO., and H50 species measurements for both injector geometries over a range
of fuel-grain lengths. Similar to the temperature fields, all product species appear to diffuse
radially inward with increasing axial length. When comparing the two injector designs, the
showerhead injector shows an increased presence of combustion species in the core of the flow-

field at any given axial distance, while the species distributions for the single-port injector
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Figure 3.7 Measured temperature versus radial distance from the fuel-grain center
(r = 0) for the single-port (left) and axial showerhead (middle) injectors. Chemical
equilibrium temperature for PMMA /GOx combustion versus equivalence ratio, ¢

(right)
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Figure 3.9 Comparison of mole fraction measurements for the single-port (left) and

axial showerhead (middle) injectors. Chemical equilibrium mole fraction composi-

tion versus equivalence ratio, ¢, for PMMA /GOx combustion (right)

peak closer to the fuel surface. The relative magnitudes of the species mole fractions are

also notable. For CO and H,0O, the peak mole fraction and width of the distribution tends

to increase with increasing fuel-grain length. This trend is similar for COy with single-port

injection, but differs with the showerhead design. Though the radial distribution of CO,

for the showerhead injector suggests a high relative abundance, peak CO, mole fraction is
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observed to decrease as fuel-grain length increases.

Quantitative mole fractions can be compared with the equilibrium values at varying
equivalence ratios, shown in Fig. 3.9. We first note that the mole fraction magnitudes for
all measurements are within the range expected from chemical equilibrium. The species
measurements for the single-port injector well-represent a radial distribution of varying local
equivalence ratios, with a fuel-lean region in the core due to high oxidizer dilution and a
fuel-rich region closer to the fuel-grain surface. Approaching the fuel-grain surface, CO
peaks and higher concentrations of H,O are present when compared to CO,, as anticipated
from fuel-rich chemical equilibrium. Towards the oxidizer core, COy and HyO peak and CO
decreases as it is oxidized to COy. Within the core of the flow, combustion is sufficiently
fuel-lean such that CO fully oxidizes and COs mole fraction surpasses HoO. This cross-over
(CO2 mole fraction exceeding HoO mole fraction) is observed in the chemical equilibrium
simulation at an equivalence ratio of approximately ¢ = 0.65. All product species are further
diluted by oxygen in the core flow. When comparing the two fuel-grain lengths (38.1 mm
and 139.7 mm) using the single-port injector, the species-distribution is observed to behave
very similarly, albeit with slightly higher peak magnitudes and a distribution shift towards
the core at the longer axial position. The cross-over of the CO and H,O mole fractions,
which corresponds to near stoichiometric fuel to oxidizer balance (¢ = 1), shifts from r = 6

mm at £ = 38.1 mm tor =5 mm at x = 139.7 mm.

For the axial showerhead injector, the radial variation of species (at the same axial dis-
tances) is considerably diminished relative to the single-port injector distributions. This is
most evident in the core of the flow (r = 0 — 4 mm), where the species concentrations are
relatively constant. Some radial variation remains near the fuel-grain boundary. The show-
erhead injector flow-field reveals a more distinct axial change in mole fractions. Specifically,
the CO and H50O mole fraction distributions increase in magnitude, while CO5 mole fraction
decreases with increasing fuel-grain length. This is consistent with a reduction in the global

O/F as the fuel-grain length increases due to additional fuel regression and constant oxidizer

o4



mass flow rate, as similarly noted in the measured space-time averaged O/F values in Table
3.2. Lastly, we note that the radial scales for the plots in Fig. 3.9 are different, reflecting
greater aggregate fuel regression with the showerhead injector and a larger axial variation in

regression rate.

The uncertainties in the temperature and mole fraction profiles have been determined
by propagating systematic uncertainties in spectral properties (i.e. linestrength) and using
a 95% confidence interval on the measured absorbance. Further details on the calculation
of uncertainties for thermometry and species sensing are discussed in the Appendix of Wei
et al. [52]. Typical temperature uncertainties were approximately +75 K near the fuel-
grain wall and up to +125 K near the core, while typical mole fraction uncertainties were

approximately 5% near the fuel grain wall and up to 10% near the core.

3.3.2 Two-dimensional thermochemical images

To better visualize the thermochemical structure of the reaction layer, planar measurements
were assembled to form two-dimensional images, illustrated in Fig. 3.10. Spatially-resolved
temperature and species (CO, CO,, HyO) are shown for both the single-port injector and
the axial showerhead injector. As previously mentioned, the two test cases were conducted
at the same oxidizer mass flow rates to isolate the influence of injector design. Additionally,

all temperature and species images are shown on the same scale for purposes of comparison.

Dramatic differences between the thermochemical flow-fields of the two injectors can be
readily observed. Consistent with the planar measurements shown in Fig. 3.7 and Fig. 3.8,
the two-dimensional images for the single-port injector indicate that the temperature in the
core of the flow stays relatively low (compared to the peak temperature) and nearly all the
species are contained in the thin boundary layer region near the fuel surface. Over the range
of lengths considered here, most of the chemical reaction occurs in this region, which grows
in width and shifts slightly towards the core as axial distance increases, consistent with Fig.

1.2 and Fig. 1.5. The relatively cool core and lack of combustion product species near
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Figure 3.10 Two-dimensional thermochemistry measurements demonstrating PM-
MA /GOx combustion progression along the axial direction for the single-port (left)

and axial showerhead injectors (right).

r = 0 mm indicates that much of the oxidizer propellant is not participating in the reaction
even at the furthest axial distance. Conversely, the axial showerhead injector achieves a
core temperature near the maximum equilibrium temperature at a relatively short fuel-grain
length (z < 50 mm) and it is sustained throughout the rest of the axial distance. An
axial progression of O/F from fuel-lean to fuel-rich is noticeably evident. At lower fuel-grain
lengths where the O/F is high (fuel-lean), CO5 mole fraction dominates, followed by H,O and
trace amounts of CO. As combustion progresses and fuel is added axially, the O/F reduces
and the concentration of CO, decreases while concentrations of both HyO and CO continue
to increase. The incremental addition of CO appears primarily from radial diffusion. It
should also be noted that as the highly fuel rich near-surface boundary layer grows, the

lowest temperatures are seen near the wall.

In aggregate, these results provide a comprehensive spatial perspective on combustion
progress and efficiency, and reveal stark variations associated with oxidizer injector design.
As combustion proceeds in the hybrid rocket geometry, a greater portion of the temperature

distribution in the gaseous core flow more uniformly approaches the expected equilibrium
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temperature, reflective of the chemical to thermal energy conversion. The initial radial gradi-
ents in species and temperature associated with equivalence ratio variation in the boundary
layer transition to predominantly axial gradients that depend on fuel regression, with this
transition likely a function of the intensity of turbulence-induced radial diffusion. Accord-
ingly, the downstream distance at which complete combustion of PMMA /GOx occurs with
respect to the axial O/F ratio is characteristic to a specific oxidizer injection design. For the
geometric designs and propellants evaluated in this study, the results suggest that an axial
showerhead injector is clearly advantageous to a single-port injector regarding combustion

efficiency per unit axial distance.

3.3.3 Fuel regression measurements

In addition to the preceding spectroscopic results, fuel regression rate and O/F ratio were
also measured to assess and compare combustion performance between the two injector
geometries. As mentioned previously, these results are reported in Table 3.2 and their
associated uncertainties are detailed in Appendix A. The total consumed fuel mass, AMjy,
was calculated by measuring the mass of each fuel-grain before and after each hot-fire.
Comparing these values indicate that, on average, the single-port injector resulted in ~ 54%
less fuel consumption than the axial showerhead injector for similar burn times, t,, and
equivalent oxidizer mass flow rates. Since space-time averaged regression rates are directly
measured using the total consumed fuel mass and burn time, these values exhibit a similar
trend. This is illustrated in Fig. 3.11, which compares the measured space-time averaged
regression rates, 7, for different axial distances, z, between the two injector designs. As
shown, the fuel-grain regresses approximately twice as much, at every axial location, when
using the showerhead injector design. Additionally, 7 is observed to generally decrease with
increasing axial distance, which can be attributed to a decrease in available oxygen from
the ongoing reaction. Similar regression rate behavior for different axial distances has been

observed in other works [3, 29].
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Test Ly D; Dy, D &, AM r Gon G O/F|;,, O/Fl,,
no. [mm] [mm| [mm] [mm] [s] [ [mm/s] [kg/m’s] [kg/m?s]
Single-port injector
1 1397 127 137 134 831 4.7 0.082 8.53 12.55 2.12 2.14
2 1270 127 138 135 894 438 0.084 8.44 12.22 2.24 2.30
3 1143 127 138 135 8.02 4.7 0.102 8.36 12.44 2.05 2.10
4 1016 127 138 135 &850 3.9 0.090 8.42 11.65 2.62 2.68
5 88.9 127 138 135 834 3.6 0.097 8.37 11.38 2.78 2.85
6 76.2 127 140 135 851 3.2 0.098 8.34 10.95 3.19 3.27
7 63.5 127 14.0 13,5 836 2.7 0.101 8.33 10.57 3.72 3.81
8 50.8 12,7 143 137 945 25 0.103 8.17 9.97 4.54 4.68
9 381 127 143 136 850 1.8 0.110 8.22 9.67 5.67 5.82
10 254 127 147 139 956 1.5 0.120 7.97 9.01 7.65 7.96
Axial showerhead injector
11 139.7 127 138 14.0 875 98 0.154 7.75 14.98 1.07 1.09
12 1270 127 139 141 849 9.1 0.161 7.72 14.61 1.12 1.16
13 1143 12.7 142 142 874 9.0 0.170 7.59 14.11 1.17 1.21
14 101.6 12.7 141 141 745 75 0.189 7.68 14.12 1.19 1.20
15 8.9 127 144 143 828 7.8 0.198 7.43 13.26 1.27 1.32
16 762 127 149 145 847 7.2 0.208 7.31 12.48 1.41 1.46
17 635 127 153 146 864 6.6 0.221 7.15 11.71 1.57 1.61
18 50.8 12.7 165 150 9.76 64 0.234 6.81 10.53 1.83 2.04
19 381 127 170 149 9.09 4.6 0.241 6.89 9.80 2.37 2.53
20 254 127 17.8 148 9.23 3.0 0.232 6.93 8.81 3.69 3.97

Table 3.2 Summary of the experimental results from fuel regression analysis for

PMMA /GOx combustion studies
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Figure 3.11 Measured space-time averaged regression rates, 7, for both the single-
port and axial showerhead injector geometries over the range of fuel-grain heights

considered

In addition to fuel burn rates, another key parameter for evaluating combustion perfor-
mance is the propellant O/F ratio, which was inferred from complimentary measurements
of oxidizer mass flow rate. The experimental O/F values can be compared to stoichiometric
conditions, which for PMMA /GOx is O/F|s0ic = 1.92, to determine fuel-rich or fuel-lean
combustion. Space-time averaged O/F was calculated using oxidizer and fuel mass flow rate
measurements over two integration times, the total burn time, t,, and the total spectro-
scopic measurement time, t,,, with the latter being a more relevant reference to the optical
measurements. As previously discussed, the axial showerhead injector resulted in more total

fuel consumption over a given time frame. Accordingly, the reported space-time averaged
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O/F values for the single-port injector are consistently higher for the axial distances consid-
ered. Specifically, for the single-port injector, the global O/F values during the measurement
time range from O/F = 7.65 at the shortest axial distance to O/F = 2.12 at the longest.
As a result, the global reaction over all axial distances can be considered fuel-lean when
compared to stoichiometric conditions. Conversely, the axial showerhead injector exhibited
higher fuel-grain regression, which lowered the measured O/F values from O/F = 3.69 at
the shortest axial distance to O/F = 1.07 at the longest. Since O/F|s0ic = 1.92, the global
reaction transitions from fuel-lean to fuel-rich with increasing distance and the stoichiometric

condition being attained between x = 38.1-50.8 mm (1.5-2 in.).

These reported combustion parameters provide an additional means of evaluating the
aggregate performance and efficiency of the oxidizer injector designs considered in this work.
The axial showerhead injector showed higher regression rates and O/F ratios closer to sto-
ichiometric conditions, indicative of higher combustion performance. These observations
are consistent with the thermochemical imaging results presented in Sec. 3.3.1 and Sec.
3.3.2. Specifically, the transition from fuel-rich to fuel-lean in the axial showerhead injector

is evident in the measured mole fraction results shown in Fig. 3.10.

3.3.4 Injector cold-flow CFD

To assist in the interpretation of the experimental results, a numerical study using compu-
tational fluid dynamics methods was conducted in ANSYS Fluent 2020 for the two injector
geometries considered in this work. ANSYS Fluent is a commercial CFD software that uses
a finite volume solver with cell-centered variable agreement. Non-reacting (cold-flow), single-
phase gas simulations were performed to better understand the oxidizer fluid dynamics in
the pre-combustion zone. This complimentary analysis proved useful for investigating differ-
ences in the initial flow structure (via pathlines and velocity contours) exiting the injector

and resulting shear stress on the fuel grain walls due to the different oxidizer injector designs.

The CFD setup consisted of the fluid domain confined by the oxidizer delivery line, in-
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jector, pre-combustion chamber, and initial portion of the fuel grain, as illustrated in Fig.
3.1. A mesh convergence study (See Appendix D) was conducted to determine a suitable
grid coarseness for accurate simulations for both injectors. The inlet boundary condition was
defined by the known oxidizer mass flow rate (1.2 g/s) and the outlet boundary condition
was set to atmospheric pressure (101,325 Pa). Oxygen gas at room temperature was used for
the fluid medium with constant property values including viscosity (2.05x 107° kg m~! s71),
density (1.29 kg/m?), and thermal conductivity (0.0246 W/m-K). Inlet turbulence intensity
was prescribed as 5 percent. For this study, we employed a pressure-based coupled solver,
which uses pressure as a mapping parameter for satisfying the incompressibility requirement
which then updates the velocity, pressure, and mass flux for the following iteration until
solutions converge. This solver type is suitable for simulations over a large range of in-
compressible to high-speed compressible flows [66]. Hybrid initialization is used to find an
initial solution to the velocity and pressure fields by using Laplace’s equation with the inlet

boundary condition.

ANSYS Fluent employs the Reynolds-averaged Navier-Stokes (RANS) equations. As-
suming incompressible flow, as shown in Eq. 3.7, the RANS mean flow equations reduce to

Eq. 3.8 [67], in which repeated indices imply summation.

8ui
@Ii

=0 (3.7)
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0 (3.8)

where u; are the velocity components, P is the pressure, and the viscous stress tensor 7

is defined by:

aui 8uj
Tii=+v 3.9
where v is the kinematic viscosity and v; is the turbulent viscosity.
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For each injector geometry, steady-state simulations were conducted with the k-w Shear
Stress Transport (SST) turbulence model. The model is based on a blending function that
activates the k-omega model near the walls and the k-epsilon model away from the walls to
exploit the benefits and accuracy of each solver. The two turbulence model partial differential
equations complete the system of state equations. Such equations for the general form of

the two-equation model are shown below in Egs. 3.10 and 3.11 [68].

ok 0 ok
i — — | A+ [wk = 1
u; or. 9, ([1/ + o) axj) + ffwk =0 (3.10)
ow 0 ow Ou; (Ou;  Ou; 9 0w, Ok w
Nt — —9(1 — Fy)er M
Ui Or; Oz, <[V+ Uwyt]ﬁxj) Vaxj (8xj i azz:i) A ( 1) w Ox; 0x;
(3.11)

where p is the density, v is the kinematic viscosity, i is the turbulent viscosity coefficient,
F1 is the blending functions specific to the model, A is a function of k£ and 3, 8%, o, o,

and 7 are constants. Full details on this turbulence model can be found in [69] and [67].

Fig. 3.12 shows the results for both injectors using the setup described above. The top
contours show the flow-field velocity magnitude, defined by the contributions of the axial,
radial, and tangential components. For the single-port injector, the flow velocity adjacent
to the pre-combustion chamber and the fuel-grain walls is negligible in comparison to the
magnitude in the core oxidizer low. Whereas, with the showerhead injector, higher velocities
are present throughout the pre-combustion chamber and into the fuel grain, implying greater
levels of shear-induced mixing and more velocity components in the off-axial directions. This
can be directly related to the higher cross-sectional perimeter-to-area ratio associated with a
large number of small axial ports/jets (i.e. showerhead) compared to a single axial port/jet
geometry. As observed in the pathline structures, there is a recirculation zone present in
both injector designs that is predominantly contained within the pre-combustion chamber.
This flow-field feature is consistent with what is expected based on previous experimental
results and theory (discussed in Section 1.3.1). Based on these simulation results, it is

expected that the recirculation zones for both injectors only minimally extend past the axial
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Figure 3.12 Non-reacting (cold-flow) CFD simulation results showing velocity con-
tours, pathlines, and wall shear stress for the single-port injector (left) and the axial

showerhead injector (right)

location where the first spectroscopic measurements are taken (z ~ 25.4 mm). In other
words, the thermochemistry measurements presented in this work should be largely within

the downstream boundary layer development region, previously shown in Fig. 1.2.

To connect the CFD results to the burn characteristics, wall shear stress can be viewed
as an indicative metric of initial fuel-grain regression. Fig. 3.12 shows that for both injector
designs, the shear stress peaks near the interface of the pre-combustion chamber with the
fuel grain (x = 0 mm). The wall shear stress for the single-port design shows a local maxima
of 3 Pa, while the axial showerhead injector achieves a local maxima of 18 Pa. Thereafter,
the wall shear stress decreases to a local minima near the end of the recirculation zone,
which corresponds to x &~ 25 mm for the single-port injector and x ~ 35 mm for the axial
showerhead injector, and exhibits another slight increase in the boundary layer development

region. It is evident through Fig. 3.12 that the wall shear stress associated with the axial
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showerhead injector is significantly higher than the single-port injector just downstream of
the pre-combustion chamber. This is consistent with the higher regression rates reported in

Table 7.1 and the increased combustion efficiency observed in Fig. 3.10.

The results from cold-flow CFD cannot predict flow properties beyond which chemi-
cal reaction and heat transfer mechanisms become significant, but they still provide useful
insight into the incipient physics that lead to observed injector-specific differences in the
downstream thermochemical structure and fuel regression measurements presented above.
The significant variation seen in the distribution and magnitude of velocity, particularly
the non-axial velocity and in the wall shear stress on the fuel grain just downstream of the
pre-combustion chamber are consistent with increased mixing and higher regression rates

measured experimentally for the showerhead injector compared to the single-port injector.

3.4 Conclusion

In this work, we report quantitative spatially-resolved temperature and species (CO, COs,
and HoO mole fraction) profiles for combustion of polymethylmethacrylate (PMMA) with
oxygen in a hybrid rocket motor geometry, and compare two oxidizer injector designs: a
single-port and an axial showerhead. The thermochemistry data was obtained by employing
a novel in-situ laser absorption tomography (LAT) sensing technique coupled with a modular
axisymmetric solid-fuel combustion experiment, to resolve the reaction layer at varying axial
distances downstream of the injectors. Two-dimensional images of temperature and mole
fractions were reconstructed by compiling the planar profiles at each measured axial position.
By maintaining an equivalent oxidizer mass flow rate across the tests, the effects of the
geometric differences of the injectors on the boundary layer thermochemical structure were
examined. The thermochemical flow-field for the conventional single-port injector followed
a classical reacting boundary layer profile largely governed by a slightly broadening radial

distribution of fuel-lean to fuel-rich conditions from the core radially outward to the fuel
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grain wall. By contrast, the radial variation of gas properties downstream of the showerhead
injector was substantially muted over a short axial distance, and the thermochemical results
appeared more acutely governed by axial progression of O/F ratio. In addition, the fuel
regression rates for the showerhead injector were found to be approximately double the
magnitude of those seen with the single-port injector, consistent with greater combustion

progress.

Interpretation of these results was assisted by a complementary cold-flow CFD study
that assessed the incipient flow-field structure exiting the respective injectors. The numeri-
cal results showed that the showerhead injector design resulted in relatively high non-axial
velocities in the pre-combustion zone and higher shear stress on the walls, consistent with
greater mixing / property homogeneity in the radial axis and higher fuel regression. Addi-
tionally, higher localized fuel regression observed experimentally for the showerhead design
could be partly attributed to a steeper oxidizer impingement angle for the showerhead de-
sign, which in CFD results is shown to intersect with the fuel grain at a shorter axial distance

compared to the single-port injector.

The results presented in this work clearly indicate a strong dependence of hybrid motor
combustion performance on oxidizer injector design and the intensity of viscous forces in the

incipient flow-fields that induce downstream mixing and radial diffusion.
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CHAPTER 4

Swirl injection in hybrid PMMA combustion assessed

by thermochemical imaging

ybrid rocket oxidizer injectors with variable initial swirl to axial velocity ratios (tangential,
canted, axial) representing variable incipient swirl number were designed and manufactured
to evaluate their comparative influence on combustion zone development with polymethyl-
methacrylate (PMMA) fuel in a cylindrical port geometry. The effective flow area of the
three injectors and correlated pressure drop was kept nearly-constant to confine the effects of
swirl on propellant mixing and fuel regression rate. For each injector, a laser absorption spec-
troscopy (LAS) technique was employed to take transverse spatially-resolved measurements
of temperature and species (CO, H,0) at the exit plane of PMMA fuel grains at varying
distance from the injector during repeated hot fire tests with constant gaseous oxidizer flow
rate. Two-dimensional images were obtained by compiling radially-resolved tomographic
planar measurements at several axial distances from 1.0 in. to 5.0 in (x/d = 2-10), assuming
axisymmetric flow. Results indicate that swirl injection has a strong initial effect on fuel

regression that diminishes with axial distance.

4.1 Introduction

Hybrid rocket engines have potential performance, safety, and cost advantages over purely
liquid- or solid-propellant rockets and are, thus, attractive for new space propulsion appli-

cations, but the implementation of large-scale hybrid rocket systems has been historically
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hindered by sub-optimal combustion performance from low regression rate fuels. The com-
bustion process involves complex physics including turbulent mixing, heat transfer, and
chemical reaction in a convoluted spatial domain. Hybrid rocket motors store the fuel and
oxidizer in different phases, most commonly consisting of a liquid or gaseous oxidizer that
is injected into a combustion chamber lined with a solid fuel, usually of cylindrical geom-
etry. Upon injection of the oxidizer, a turbulent boundary layer forms that sweeps over
the fuel-grain wall. To initialize the combustion reaction, an ignition source heats the solid
fuel wall, vaporizing a thin layer of fuel, which then enters the boundary layer region of the
flow-field. The subsequent combustion progression is governed by the heat and mass transfer
that occurs between the gas-phase oxidizer and the evaporated fuel near the grain surface.
As this fuel moves incrementally inward, the local ratio of oxidizer to fuel (O/F) becomes
sufficiently conducive to combustion and a thin flame appears. Previous studies have shown
that geometric variations in hybrid motor designs can significantly affect combustion progress
[2]. Depending on the geometry of the oxidizer injector, which is the focus of the current
work, the local regression rate can vary significantly near the injection/fuel grain interface.
The injector design influences the initial transport dynamics that govern turbulent mixing,

viscous wall shear, and diffusion, and ultimately can impact overall combustion performance.

In particular, swirl injector geometries have gained interest for hybrid rockets as they
have been shown to improve propellant mixing and fuel regression rate over purely axial
injection methods [30, 31, 32, 33]. These varieties typically involve angled ports that induce
the formation of a helical flow structure. The exit angle of the ports is referred to as the
swirl angle. Swirl injectors may also have a second "canted” angle directed toward the
axial direction to promote flow progression and reduce the risk of back-flow. The swirl
number parameter, 'SW’, is often used to quantify the strength of the swirling flow and
is defined as the ratio of tangential momentum flux to axial momentum flux. This study
examines a range of swirl to axial injection velocities. It can be noted that some prior works

indicate that the effects of the swirl injection are more prominent for shorter fuel grain
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lengths [30, 31, 33]. Unique to this work is the employment of a laser absorption tomography
method to evaluate variable injector design on the development of the combustion zone. The
method involves in-situ measurements of species and temperature which directly reflects the
chemical-to-thermal energy conversion. The laser absorption method has been described in
previous works [6, 70, 71], and aims to characterize oxidation progress via spatially-resolved

measurements of temperature, CO, and H,O.

4.2 Theory

4.2.1 Spectroscopy and Tomography

Laser absorption spectroscopy (LAS) is an optical diagnostic technique that exploits the
resonance of coherent light with the transitions between quantum energy states for a given
species. This work utilizes the unique capabilities of laser absorption to attain in-situ mea-
surements of physical gas properties including temperature and species composition within
harsh high-temperature environments. An overview of the fundamentals of laser absorp-
tion spectroscopy is provided here for reader familiarity with common nomenclature and
definitions; a comprehensive review can be found in [47]. Species have unique spectral
“fingerprints”, determined by the energy spacing between the quantum states (transitions)
specific to a given molecule. By exposing a molecule to coherent light radiation of equivalent
energy to the targeted species’ quantum energy spacing, the molecule can absorb photon

energy and transition from a lower state to an upper state quantum energy level.

The absorption of light that allows for the transition between energy levels results in an
attenuated light intensity of the source (i.e. laser beam). The Beer-Lambert law relates
the change in light intensity (via spectral absorbance) to thermochemical properties of the

flow environment. Eq. 4.1 describes this relationship for the spectral absorbance, a(v), of a
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non-uniform gas medium along a line-of-sight, { [cm]:

. (4.1)
_ / > PS;(T(1)Xi(1);(v)di

J
Here Iy and I; are the incident and transmitted light intensities, respectively, at a specific
frequency, v [em™!], L [cm] is the aggregate absorbing path length, P [atm] is the total
pressure, S;(T(1)) [cm™2/atm] is the linestrength of rovibrational transition, j, at temper-
ature, T'(1) [K], X;(1) is the mole fraction of the absorbing species, i, and ¢;(v) [cm] is the
line-shape function. It should be noted that this expression is a line-of-sight integral over an

optical path length with non-uniformity in temperature and species.

The projected absorbance measurements described in Eq. 4.1 can be integrated over the
spectral domain to eliminate dependence on the line-shape function, ¢;(v). This integrated
term is the projected absorbance area, A,;i(y) [em™!], which, for an azimuthal symmetric
flow-field, can be obtained at discrete locations, y [cm]|, from the axis of symmetry and, using
Abel’s integral equation [49, 50], can be related to the radial distribution of the integrated

spectral absorption coefficient, K (r) [cm™2]. This relationship is described by Eq. 4.2:

Al = [ alw)iv

z?y) R rr

:/0 K(l)dl = Q/y %dr (42)
L(y)

_ / S PS;(T() X (1)l

In Eq. 4.2, L(y) [cm] is the absorbing path length at position y from the axis of symmetry, and
the radially-resolved thermochemical flow-field properties 7'(r) and X;(r) are embedded in
K (r), which can be determined from A,,;(y) using the tomographic reconstruction methods
discussed in [6]. As previously noted, this approach assumes an axisymmetric flow-field,
which is expected in the gas-phase core flow of a cylindrical fuel grain for a hybrid rocket

geometry.
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Temperature and species are recovered from measurements of the projected absorbance
areas, which are inverted via 1D laser absorption tomography (LAT) to yield the integrated
spectral absorption coefficients for various spectral lines. This strategy has been previously
used by our group for investigating the thermochemical structure of hybrid combustion at
atmospheric pressures [63, 64] and two-dimensional turbulent jet flames [53, 52]. Projected
absorbance area, Ap..;(y), can be obtained by fitting a Voigt line-shape function to the
absorbance profile of each absorption feature which may encompass one or more closely
spaced transitions (j > 1). A,o;(y) and K(r) simply represent a summation of individual
contributions at those local positions, which can be reasonably well extracted from a Voigt
fit. In practice, T'(r) is obtained by measuring two spectral absorption features, also referred
to as ’line pairs’, of the same species and taking the ratio between the two radially integrated
spectral absorption coefficients, Ki(r) and Ky(r). T'(r) can thereafter be inferred from the
linestrength ratio, effectively eliminating the pressure and mole fraction dependence, as

shown in Eq. 4.3:
CKi(r) Y, Si(T(r) .
SR - X, 5@y ) 4

Linestrength values, S;(7(r)), for each species and their associated uncertainties are taken

R(r)

from the HITRAN [51] and HITEMP [8] spectroscopic databases. Eq. 4.4 indicates that,
with pressure and the radial distribution of temperature known, X;(r) of the absorbing

species, i, can be evaluated from the integrated spectral absorption coefficient, K (r):

_K()
>, PS,(T(r)

Implementing this strategy for multiple transverse planes at varying axial distances in the

X;(r) (4.4)

solid-fuel reaction layer enables quantitative two-dimensional imaging of temperature and

gas composition [52, 53, 6].

The current work is an extension of this technique and is adapted to obtain spatially-
resolved temperature and mole fraction in the reaction zone of a hybrid rocket, applicable to

study a range of injector designs and operating conditions. The theory of laser absorption
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tomography is well-detailed in literature and prior work [72, 73]. The specific measurement
technique and line selection for spatially-resolved laser absorption tomography measurements

of CO and H,0 in a hybrid rocket motor geometry are detailed in [6].

4.3 Experimental Setup
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Figure 4.1 Hybrid combustion facility utilized for exit-plane temperature and

species measurements

4.3.1 Hybrid Test Article

Figure 4.1 illustrates the combustion facility and optical configuration used for the tomogra-
phy measurements. For CO, we utilize a quantum cascade laser (QCL) with ~50 mW output
power to target rovibrational transitions near 4.9 pm. To measure H,O, a diode laser with
~5 mW output power is used to target features near 2.5 ym. In order to obtain high spatial
resolution in the radial direction, the two light sources are made co-linear using a CaF, 50/50

beam-splitter and focused over the measurement plane utilizing a 200 mm focusing mirror.
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This results in a beam diameter of ~0.5 mm located within ~0.5 mm of the fuel grain exit.
The transmitted light intensity then passes through an iris before being split once more and
refocused onto two photodetectors. Half of the transmitted light is directed through a CaF,
plano-convex lens onto a thermo-electrically cooled photovoltaic (PV) detector (VIGO PVI-
4TE-5) with a narrow bandpass filter that isolates the CO laser radiation near 4.9 pm; the
other split beam is focused onto a photodetector (Thorlabs PDA10D) that is only sensitive

to wavelengths < 2.6 um, thereby isolating the H,O light source.

The combustion facility assembly incorporates remote ignition (via electrical igniter),
valve operation, and accommodates variable-length fuel grains. GOx mass flow rate is
measured using a sonic orifice with a corresponding upstream pressure transducer (Setra
225G). The experimental setup is located in a high-flow fume hood with an exhaust rate of
~1150 cfm. The test stand accommodates fuel grains of outer diameter 50.8 mm (2 in.) and
of heights in the range of 25.4-203.2 mm (1-8 in.). This modularity is achieved by stackable
aluminum blocks that attach to the test stand base and offset the variable fuel grain length
to keep the measurement plane effectively constant. This eliminates the need to move optical
equipment on either side of the test stand between experiments while examining combustion

progress at multiple axial locations.

In order to obtain radially-resolved measurements for tomographic reconstruction, the
assembly is mounted on a motorized translation stage that allows for horizontal translation
perpendicular to the optical axis. This allows the transmitted light to scan across the
full measurement plane at a rate of 5 mm/s, which effectively traverses the laser beam
across the combustion zone in 2.5 seconds. It should be noted that evaluating different
axial positions requires repeating tests. For discussion on validation of test and optical

measurement repeatability, see [6].
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Tangential Swirl Canted Swirl Axial Showerhead

Figure 4.2 I[sometric views of the tangential swirl, canted swirl, and axial

showerhead injector designs

Tangential Swirl Canted Swirl Axial Showerhead

No. of ports 6 12 12
Port diameter [in.] 0.035 0.025 0.025
Swirl Angle || 60 60 0
Canted Angle || 0 45 90
Swirl Number ~1.4 ~0.5 ~0

Table 4.1 Injector design specifications and swirling flow parameters

4.3.2 Injector Geometries

For this work, the two swirl injector designs were influenced by Computation Fluid Dynamics
(CFD) cold flow analysis performed using ANSYS Fluent, which examined wall shear per
axial length of fuel grain as a proxy for fuel grain regression rate. Simulated pathlines of flow
through representative swirl and axial injector designs are shown in Fig. 4.3 to highlight
the significant difference in flow structure inherent to swirl injection. The injectors were
also designed to have the same effective flow area, have the same L/D (port length to port
diameter ratio), and operate at the same oxidizer mass flow rate as the axial showerhead

injector used in previous studies to facilitate meaningful comparison. In iterative design
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and CFD analysis, the main parameters that were varied were the number of ports and the
swirl/canted angles, with the objective to maximize wall shear at different cant angles of 0,
45, and 90 degrees (along the axial direction). Isometric views of the finalized designs are
shown in Fig. 4.2. The tangential swirl injector has six ports of diameter 0.035 in. and a
swirl angle of 60 degrees, while the canted swirl injector has twelve 0.025 in. diameter ports
and canted and swirl angles of 45 degrees and 60 degrees, respectively. For the canted swirl
injector, the ports are patterned around two concentric circles similar to the axial showerhead
injector. The similarities across the three designs attempt to isolate effects of swirl and cant
angle for practical assessment in hot-fire tests. The computational wall shear results for the

selected injector designs are later shown in Fig. 4.4.

Swirl injection
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combustion ————————  Fuel Grain —»:
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Figure 4.3 Simulated pathlines representative of axial and swirl injection into the
test article geometry obtained from ANSYS Fluent cold flow simulations of

gaseous oxygen

The swirl number, SW, associated with each injector was determined using average flow
properties at the fuel grain inlet based on the ANSYS Fluent cold flow simulations. Swirl

numbers effectively represent the ratio of axial flux of tangential or swirl momentum to the
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axial flux of axial momentum. Swirl numbers of 1.4 and 0.5 for the tangential and canted

swirl injectors, respectively, were calculated as in Eq. 4.5 [74].

Jgrve(V-7)dS
7 [gu.(U-n)dS

where 7 is radial distance from axis of rotation, vy is the tangential velocity, ¥ is the velocity

SW =

(4.5)

vector, n is the normal unit vector, and 7 is outer radius. We note that the time-averaged

swirl number for the axial showerhead design is approximately zero at the same location.

4.4 Results

4.4.1 Space-time Averaged Fuel Regression Rates

As a complementary study to the thermochemical measurements, space-time averaged fuel
regression rates for each test were calculated using the total burn time and post-test fuel grain
mass. For a fuel grain with a circular port geometry, as used in this study, the space-time

averaged regression rate, 7 [mm/s], during a hot-fire can be determined as follows:
m; Dy D,

mpsLsD 2ty

where py [g/mm?] is the density of the fuel (11.85 g/mm?® for the PMMA used), L; [mm]

(4.6)

;=

is the length of the fuel grain, and 7; [g/s] is the space-time averaged fuel mass flow rate,
which can be determined by dividing the total consumed fuel mass, AMy [g], by the total
burn time, #, [s]. D [mm] is the space-time averaged port diameter given by the initial and

average final port diameters, D; [mm] and D; [mm], respectively [32]:
D; + Dy
2

D= (4.7)

Previous works [65] have found that Dy can be most accurately estimated based on the total

consumed fuel mass, AM, measurements:

_ 4AM
Dy =,|D?+ !
mpsLy

(4.8)
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It is important to note that Eqs. 4.6-4.8 assume a constant regression rate around the
circumference of the fuel grain port at any given axial location. This is a well-accepted
approximation for fuel grains with circular ports, but loses validity when considering other

geometries.

Figure 4.4 (right) shows the resulting regression rates measured for the canted swirl, tan-
gential swirl, and axial showerhead injector tests over a range of fuel grain lengths. Results
for a single-port axial injector from a previous study are also included for comparison [71].
Additionally, results from ANSYS cold flow simulations are included showing average wall
shear on the fuel grain surface along the axial direction. Notably, the measurements start
approximately 20 mm axially downstream of the start of the fuel grain due to practical issues
burning shorter grains. By contrast, the CFD results are most insightful in the preceding re-
gion of the fuel grain. Still, there is a consistent correlation in trends across simulations and
experimental results for the respective injector geometries. While the cold flow simulations
undoubtedly lose validity progressing downstream of the fuel grain and precombustion cham-
ber interface, these results are strongly indicative that simulated wall shear associated with
initial viscous interactions between the oxidizer and fuel grain provide a reasonable proxy
for relative fuel regression for different injector or hybrid motor designs. The simulated and
experimental results both show high values of wall shear and regression rate, respectively, for
the two swirl injector geometries shortly downstream of injection with trends later falling off
steeply. This indicates that swirl effects and associated increased regression seen with swirl

injectors tend to be contained to lower length to diameter ratio (L/D) fuel grain geometries.

4.4.2 Thermochemical Flow-field Measurements

The spectroscopic technique was implemented to quantitatively analyse the comparative in-
fluence of swirl and axial injection effects on the reaction zone of a PMMA /GOx hybrid
rocket combustor. Planar measurements of temperature, CO, and H,O were conducted at

atmospheric pressure over a range of fuel grain lengths (25.4-127 mm) with both tangen-
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Figure 4.4 Left: ANSYS Fluent cold flow results for wall shear versus
downstream axial distance from the precombustion chamber and fuel grain
interface shown for axial showerhead, canted swirl, and tangential swirl injector
designs. Right: Experimentally measured space-time averaged regression rates

versus fuel grain length

tial swirl and canted swirl injector designs. Planar measurements were then compiled into
two-dimensional images to better highlight the spatial combustion progression. Additional
measurements with the axial showerhead injector over the same test conditions are included
to serve as a baseline for comparison. The oxidizer mass flow rate for all experiments was

held constant at 1.2 g/s.

Figure 4.5 depicts radially-resolved single plane measurements of temperature and mole
fraction (CO, H,0) at the two extreme axial positions of the fuel grain length range, those
being at 25.4 and 127 mm downstream of the fuel grain surface. As discussed in Sec.4.4.1,
the averaged fuel regression rate decreases with increased length and thus less widening of
the port diameter occurs on average over the burn time—this is represented by the varied

radial domains shown in each subplot. It should be noted that » = 0 mm corresponds to the

7



Axial Showerhead Tangential Swirl Canted Swirl

Shorter fuel grains exhibit

3000 F Temperature faster regression 03
2500
0.2
2000
1500 01
25.4 mm

Z 1000 -
= 0 0 2 4 x
-

3000

2500

2000

1500

1000

0 0 2 4

r Imml

Figure 4.5 Temperature and mole fraction results of CO and H,O versus radial
distance from the fuel grain center (r = 0 mm) shown at two axial positions for the

axial showerhead (left), tangential swirl (center), and canted swirl injector (right)

core of the cylindrical axisymmetric flow and r is therefore the radial distance from the flow
center. The radial distance associated with the boundary of the gaseous core and fuel grain
surface involves some ambiguity due to phase-change and the lack of combustion products
in the initial fuel pyrolysis, but is estimated to be within 0.5-1 mm of the termination
of the data array, supported by post-test measurements of grain diameter. Across injector
geometries, the local maximum temperature position trends towards the core with increasing
axial distance as radial diffusion and turbulent mixing effects become prevalent. Both of the
swirl injector and the axial injector results indicate a peak temperature of ~3000 K reached
by the first measurement plane at 25.4 mm that is consistent over the axial range, however,
the three injectors exhibit distinct trends in radial profiles. As with temperature, radial
diffusion causes both product species to become more abundant around the core at the
further axial position. While we observe the highest CO concentration with the canted
swirl injector at the first length position at x = 25.4 mm, all three injectors reach a similar

concentration downstream at x = 127 mm.

The full length range of planar measurements are compiled into two-dimensional images
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in Fig. 4.6 to visualize the reaction layer structure. Both species are shown on the same
color scale for purpose of comparison. Over the range of measurement lengths, we expect
that most of the chemical reaction occurs in a thin boundary layer region adjacent to the
wall, which grows in width and shifts slightly towards the core as axial distance increases.
Adjacent to the PMMA grain surface, fuel pyrolysis at fuel-rich conditions leads to high
CO concentration. As this fuel contacts the core oxidizer stream, we expect to see, and
indeed here observe, the thin reaction zone of the characteristic diffusion forming where the
temperature as well as HoO mole fractions are at their peak. Compared to z = 25.4 mm,
an increased portion of the radial temperature distribution at further downstream positions
approach PMMA /GOx equilibrium temperature (~ 3050 K), reflective of the chemical to

thermal energy conversion.

1000 1500 2000 2500 3000 0 0.10 0.20 0.30

Canted swirl injector

40 60 80 100 120 40 60 80 100 120
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Figure 4.6 Two-dimensional thermochemistry measurements demonstrating
PMMA /GOx combustion progression along the axial direction for the canted

swirl, tangential swirl, and axial showerhead injectors

There are, however, significant differences in spatial progression of this thermochemical
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structure that can be readily observed across the axial injector and both swirl injectors.
Over ~25-60 mm, the swirl injector temperature peak locations are comparatively closer
to the core than in the axial showerhead profiles, indicative of the aforementioned higher
fuel regression rates seen in this length range for the two swirl injectors. Progressing down-
stream, we observe similar radial temperature profiles for the tangential swirl as with the
axial injector—a further indication that the beneficial swirl injection effects are indeed largely
contained to shorter axial lengths or smaller L/D ratio geometries. Conversely, the canted
swirl injector exhibits a distortion to the swept boundary layer region characteristic to axial
injection in hybrids. In the mid axial range of measurement (~60-90 mm), the temperature
maxima shifts radially outward from the initial position creating a local hot region close
to the wall, thereafter downstream following the overall radial diffusive trend with inward
temperature peak shift. A similar, though less distinct, distortion to local maxima trends
is also seen in the CO and H,0O images. It is likely that this reaction zone structure is due
to particularly non-uniform regression axially relative to the axial showerhead and tangen-
tial swirl injectors. This is consistent with the post-burn geometry of the fuel grain inner
ports that appear to have experienced greater local fuel regression around this region. The
canted swirl injector, though it produces the least uniform axial regression, appears to most
immediately reach high product species concentrations within the core. The differences are

relatively muted further downstream.

Consolidated, these results provide a comprehensive perspective on combustion progress
and flow field structure in hybrid PMMA combustion for oxidizer injection with varying
incipient swirl. The radial and axial evolution of temperature and speciation highlight the
significance of the injector design on the overall combustion performance and reveal effects
of varied degrees of inlet swirling flow on mixing and diffusive effects, including non-uniform

axial regression and more rapid convergence to maximum thermal energy.
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4.5 Summary and Future Work

The primary goal of this effort was to assess the influence of induced swirl in oxidizer injection
on the development of the hybrid PMMA combustion reaction layer using laser absorption
tomography. Two-dimensional measurements of the thermochemical structure of the PM-
MA /GOx motor geometry using swirl injectors with varying initial swirl number illustrate
effects on flow field structure and combustion progress relevant to hybrid rocket performance.
These data correlate incipient injection swirl number with the axial combustion progress, fa-
cilitated by comparison to an axial showerhead injector. Spatially-resolved thermochemical
results, in conjunction with regression rate measurements, indicate that improved perfor-
mance from swirling inlet flow is largely contained to a region immediately downstream of
injection with low L/D ratios. A canted swirl injector (effectively an intermediate between
a tangential swirl and axial showerhead injector) exhibited higher regression rates, core
temperatures, and product species concentrations (CO, HyO) at shorter (or earlier) axial
distances than either the tangential swirl injector or axial showerhead injector, but differ-
ences were largely diminished downstream. Such data and insights into the effects of the
incipient flow-fields that induce downstream mixing, radial diffusion, and non-uniformity in
fuel regression can be used to further inform hybrid rocket motor design and anchor reacting

flow simulations.
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CHAPTER 5

Spatially-resolved characteristic velocity (c*)

measurements for hybrid rocket combustion analysis

5.1 Introduction

Chemical rockets have an acute need for high propellant efficiency due to the typically large
propellant mass fractions and correspondingly low payload mass fractions. Accordingly,
small improvements in propulsion system performance can significantly increase payload
capacity or mission duration. The aggregate performance of a propulsion system can be
defined by the axial thrust produced per unit mass flow rate of propellant consumed, or
specific impulse (/). In propulsion system testing and analysis, the thrust and mass flow
rate can be measured and compared to ideal performance for a given propellant combination
(75, 76, 77, 78, 79]. This overall propulsive performance depends on the components of the
system, most notably the combustor, which converts the chemical energy in the propellants
to thermal energy, and the nozzle, which accelerates and expands the hot combustion product
gas to generate jet thrust, effectively converting the thermal energy into kinetic energy. As
such, the efficiency of the combustor limits the eventual thrust generation and is critical to

meeting overall performance targets and mission objectives.

Rocket combustion efficiency relates to multiple physical processes that often involve
complex physical interactions that progress and vary spatially in a combustion chamber. In
liquid and hybrid rockets, propellant injection induces mixing, which is followed by phase-

change and exothermic chemical reactions. In solid and hybrid rockets, the regression of a
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solid fuel varies spatially in time as it burns. In addition, the high combustion temperatures
(~3000 K) present in all systems often require chamber wall cooling to preserve structural
integrity and durability. Each of these physical processes or mechanisms involve spatial

variations in thermophysical properties which influence combustion efficiency.

The primary metric for assessing rocket combustion efficiency is the characteristic velocity
(¢*), which reflects the thermal energy density of the working fluid. Traditionally, combustion
chamber properties are assumed to be homogeneous or uniform and c¢* is determined via
chamber pressure and total mass flow rate measurements, as these properties vary little in
the spatial domain of a steady-state combustor [80, 81, 82]. Inasmuch, the traditional ¢*
metric reflects a global indicator of numerous combustion processes, which often do vary
spatially, and does little to inform the specific loss mechanisms that result in decreased
combustion efficiency. Here, we present an alternative approach to attain a more granular
spatially-resolved ¢* based on in-situ laser absorption spectroscopy (LAS) measurements of

temperature and species in rocket combustion environments.

LAS is an optical diagnostic technique known for its quantitative, species-specific mea-
surement capability, which, when combined with tomographic reconstruction methods [54,
55, 48], can be used to characterize reacting flow-fields in the harsh combustion environments
6, 64, 53, 52]. Simultaneous multi-species measurements, in particular, provide key insights
into the physiochemical mechanisms governing combustion performance and further elucidate
complex combustion physics [83, 84, 85]. In recent years, such sensors have been developed,
demonstrated, and deployed across various propulsion applications, including gas turbine
combustors [86], rotating detonation engines (RDEs) [87, 88, 89|, scramjets [90, 91, 92],

liquid-propellant rocket combustors [93], and hybrid rockets [6, 71], among others.

The work presented herein leverages the aforementioned capabilities and provides a new
avenue to better assess combustion performance by measuring and tracking changes in gas
temperature and composition along the reaction coordinate. The spatial variation of these

parameters, internal to a rocket combustion chamber, more directly reflects the chemical-to-
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thermal energy conversion and provides better insight into propulsion system performance.
After description of the theoretical approach and methodology, demonstrations of the tech-
nique in liquid and hybrid rocket combustion experiments are presented along with a dis-

cussion of uncertainty and limitations.

5.1.1 Rocket performance characterization

In analysing rocket performance, thrust and specific impulse are often the major parameters
referenced. The thrust encapsulates both the momentum and pressure forces acting on the

rocket and can be calculated as:

F =1,V + (P, — P A (5.1)

where 10, is the propellant mass flow rate, V, is the exhaust velocity, P, is the pressure at
the exit of the nozzle, P, is the ambient pressure, and A, is the nozzle exit areas. Thrust is
maximized when the gas is perfectly expanded through the nozzle, effectively when P, and
P, are the same and thus the pressure term in the thrust equation cancels out. In the likely
case that the gas is not perfect expanded, Equation 5.1 is sometimes rewritten to define a
metric to evaluate propulsion efficiency. In this case, thrust is calculated as a function of c’,

an effective exhaust velocity:

F =m,c (5.2)

To evaluate performance and efficiency in terms of propellant needed to generate some
amount of thrust, F, it is useful to look at the specific impulse, Isp, which normalizes the

force on the rocket by weight of propellant that is consumed:

I, = — (5.3)



where again i, is the propellant mass flow rate which is multiplied by ¢, the gravitational

constant, such that the denominator is in units of weight. This gives an I, in units of seconds.

Specific impulse provides a useful overarching performance metric that encapsulates the
chemical to kinetic energy conversion of the propulsion system as a whole. However, Isp does
little to inform on the separate conversion mechanisms that lead to that overall efficiency,
those being the chemical to thermal energy conversion in the chamber and the thermal to
kinetic energy conversion through nozzle expansion. To determine those relative contribu-
tions, it is often useful to define parameters for each of those processes with which Isp can
be expressed by:

c cCy

I, == 5.4
=0T, (5.4)

where ¢*, the characteristic velocity, is the parameter to assess the chemical to thermal
energy conversion through propellant combustion in the chamber and Cf, the thrust coeffi-

cient, is the parameter to characterize the efficiency of the gas expansion through the nozzle.

e+l
P, A* v+ 1\ R,
* Y 5.5
‘ m ¢(2 ) M~ (5:5)

in which P, is the combustion chamber pressure, A; is the nozzle throat area, and ), is the

c¢* is determined as:

mass flow rate of propellants. In the second definition of ¢*, T, is the chamber temperature,
M is the gas molecular weight, and « is the specific heat ratio. The thrust coefficient, C/, is

expressed as:

_F
AP,

o (5.6)

Here, F' is again the engine thrust, A; is the nozzle throat area, and Py is the chamber
pressure. In this work, we are focused on the assessment of the combustion performance and
the underlying chemical to thermal energy conversion governing it. As such, the definitions

of I, and ¢* will be referred to readily throughout.
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5.2 Theoretical approach

The overall performance of a rocket propulsion system can be quantified by the specific
impulse (I,), as per Eq. 5.7, which defines the thrust, 7', generated per unit mass flow rate,
. This specific-impulse parameter describes a propellant efficiency, which directly influences
the achievable incremental velocity and payload capacity of a vehicle for a given mission, and
is constrained by propellant selection, mixture ratio, and thrust chamber component design
and engineering. Specific-impulse can be further characterized by the coupled performance
of the combustion chamber and nozzle, the performance of which can be determined by the

characteristic velocity, ¢, and thrust coefficient, C}, respectively, as shown in Eq. 5.7:

T C*Of
[Sp: .— pu—
mg g

(5.7)

Here, characteristic velocity, ¢*, is the primary parameter used to assess propellant combus-
tion performance (chemical-to-thermal energy conversion) and thrust coefficient, C, is used
to evaluate how effectively combustion products are expanded through the nozzle (thermal-
to-kinetic energy conversion). As such, combustion chamber performance, c¢*, limits the
overall kinetic energy produced by the nozzle and, as a result, greatly impacts overall vehicle

performance and mission capabilities.

Due to the substantial impact combustion performance has on the mission capabilities of
flight vehicles and spacecrafts, and the high propellant mass fractions of rockets, there are
persistent efforts to identify processes or mechanisms that increase combustion performance.
The theoretical characteristic velocity can be calculated based on chemical equilibrium con-
ditions of combustion. In practice, ¢* is typically measured via chamber pressure, P,, total
mass flow rate, m, and nozzle throat area, A*, through Eq. 5.8, as these are either known
or simple to measure in rocket systems. The measured and theoretical ¢* values can then be

compared and losses quantified.

. PA [y +1\ R,
“ T Th _\/( 2 ) M~ (5:8)
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Figure 5.1 Theoretical ¢* with corresponding temperature, molecular weight, and
specific heat ratio, over a range of equivalence ratios (¢). Results are shown for two

propellant combinations, MMA /O,(g) and CH,/O5(g), at P = 1 atm

Notably, the traditionally measured parameters of pressure and mass flow rate vary mini-
mally in the spatial domain, which is convenient for measurement purposes and in deter-
mining a global ¢* of the combustion chamber, but provides little detail on the complex,
multi-dimensional combustion processes, such as mixing, vaporization, and chemistry. We
present a different approach to measuring ¢* that employs in-situ optical sensing of ther-
mochemical properties. By employing the laser absorption spectroscopy technique discussed

herein, characteristic velocity can alternatively be measured more granularly through quanti-
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Figure 5.2 Left to right: Transmitted (I;) and incident (/) light intensities for two
CO transitions near 2008.5 cm™!, the corresponding measured absorbance profile
with a Voigt line-shape fit, projected absorbance areas (Ap.;) and integrated spec-
tral absorption coefficients (K) versus distance r from the center of an axisymmetric

flow-field, and the resulting thermochemistry (7', X;) distributions

tative measurements of temperature and species composition, which vary spatially in rocket
combustion chambers as chemical energy is converted to thermal energy. Knowing species
composition, informed estimates on the bulk molecular weight, M, and specific heat ratio,
v, of the combustion chamber gases can be made and ¢* can be calculated directly via the

second equality of Eq. 5.8.

From Eq. 5.8, it is evident that ¢* increases as combustion gas temperature increases
and molecular weight decreases. Additionally, albeit less apparent, ¢* also increases when
the specific heat ratio of the combustion gases decreases. In practical combustion systems,
however, these parameters do not vary independently and are primarily dependent on oxi-
dizer and fuel mixture ratio, M R = O/F, as well as combustion progress. Fig. 5.1 illustrates
the variation of temperature, species composition (M, ), and the resulting characteristic
velocity over a range of equivalence ratios, ¢ = (O/F)stoic/(O/F), for two propellant combi-
nations, methyl methacrylate — oxygen, (MMA)/O,, and methane — oxygen, CH,/O,. For

a given equivalence ratio and propellant combination, temperature, molecular weight, and
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specific heat ratio, prescribe ¢*. Accordingly, the method described herein involves local
and spatially-resolved measurements of temperature and species composition, namely CO,
CO,, and H,O, to determine local and spatially-resolved characteristic velocity, assisted
by assumptions of a local equivalence ratio. Local and spatially-resolved ¢* measurements
provide a better understanding of the underlying chemical and physical processes govern-
ing propulsion devices, elucidate rocket combustion physics, and, ultimately, inform specific

mechanisms that may enable increased combustion performance.

5.3 Methods

5.3.1 Laser absorption spectroscopy

The selected optical method for measuring species and temperature in rocket combustion
environments is laser absorption spectroscopy. LAS is a non-intrusive diagnostic technique
that exploits the resonance of coherent light with differences between the quantum energy
states of molecules with intrinsic dipole moments. This enables quantitative measurements
of species-specific flow-field properties from spectrally-resolved light attenuation. Typically
these measurements provide local beam path-integrated data; when employing multiple beam
paths in a given plane with tomographic reconstruction techniques, 2D spatially-resolved
thermochemistry can be obtained [6, 52, 94]. This work utilizes the unique capabilities of
LAS for in-situ measurements of temperature and species composition (CO, CO,, H,0) in
rocket combustion environments to attain localized characteristic velocity, ¢*. While a brief
overview of LAS fundamentals is provided here for reader familiarity and nomenclature,
a more comprehensive review can be found in [47, 95, 96] and additional details on the
experimental setup and procedure used for the measurements discussed herein can be found

in a previous work by the authors [6].

The attenuation of light due to spectral absorbance, a(v), is related to the thermo-

chemical properties of the absorbing gas medium through the Beer-Lambert law. For a
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non-uniform flow-field, this is expressed as:

)

- [ S psirmxs;oa

J

(5.9)

where [y and [I; are the incident and transmitted light intensities, respectively, at a specific
frequency, v [em™!], L [cm] is the aggregate absorbing path length, P [atm] is the total
pressure, S;(T(1)) [em™2/atm] is the linestrength of spectral transition, j, at temperature,
T'(1) [K], X;({) is the mole fraction of the absorbing species, ¢, and ¢;(v) [cm] is the line-shape
function. For a uniform flow-field, the integral simplifies to include a pathlength multiple

and constant properties.

Fig. 5.2 illustrates representative incident and transmitted light intensities for a single
laser scan targeting CO near 4.98 ym (2008.5 cm™'). The corresponding absorbance of the
two spectral transitions, denoted as Line I and Line 2, are also shown. The measured spec-
tral absorbance is fit with a Voigt line-shape profile to obtain the absorbance area, A [em™!].
If the thermochemical flow properties along the line-of-sight vary minimally, obtaining tem-
perature is straightforward and can be done by taking the ratio of two absorbance areas, as

shown in Eq. 5.10:
A PSIDIXL Sy(T)
Ay PSy(T)X,L So(T)

In this ratio all terms cancel but the ratio of linestrengths, implying an exclusive temperature

R (5.10)

dependence. With temperature known, mole fraction can be solved for directly using either

spectral transition:
Ay A
PS|(T)L ~ PSy(T)L

Notably, such a measurement can be done at varying beam locations for spatially-resolved

Xi:

(5.11)

thermochemistry [91], providing a basis to calculate localized characteristic velocity as de-

scribed later in Sec. 5.4.

If thermochemical properties vary substantially along the line-of-sight, tomography may

be employed [48]. Here we consider a simple but common example where the flow-field is
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azimuthally symmetric (or axi-symmetric) and one-dimensional tomographic reconstruction
methods can be implemented as performed in [6, 52]. In this case, the absorbance area
obtained by the Voigt profile is considered a projected measurement, Apyo; [cm™]. It should
be noted that the absorbance profiles are not expected to strictly follow a Voigt lineshape
as a result of the thermochemical gradients along the line-of-sight. However, the fractional
fitting residuals were typically less than 3% for CO, less than 2% for CO,, and less than 3%
for Hy,O, supporting the appropriateness of the Voigt line fitting routine as an approxima-
tion. Spectral absorbance measurements can then be obtained at discrete locations from the
axis of symmetry and, using Abel’s integral equation [49, 50|, can be related to the radial
distribution of the integrated spectral absorption coefficient, K (r) [cm~2]. This relationship
is described by Eq. 7.1:
Aps() = [ a)iv

—00

L(y) R rr
= /0 K(l)dl =2 &dr (5'12>

2
Yy =y

L(y)
= / > PS;(T(1)X(1)dl

0 -

J
In Eq. 7.1, the spatially-resolved thermochemical flow-field properties, T'(r) and X;(r), are
embedded in the line integrated absorption coefficient K (r), which can be determined from
Aproi(y), as shown in Fig. 5.2, using an Abel inversion scheme with Tikhonov regularization
[54]. The Tikhonov method imposes a regularization parameter (determined via the L-curve
method [56, 57]) that controls the relative importance of accuracy and smoothness in the
solution. Further details on the implementation of this technique are discussed in [6, 52].
With K (r) known for each transition, spatially-resolved temperature is obtained through

the ratio of two integrated spectral absorption coefficients, as shown in Eq. 5.13:

o= Kalr) _ PSI(T(r)Xi(r) _ S(T(r))
R(r) Ko(r)  PSo(T(r))Xs(r)  So(T(r)) (5.13)

Similar to a uniform flow-field, spatially-resolved mole fraction can be solved for directly
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using either spectral transition once temperature is known:

Kl(’l") KQ(’I")

X0 = PSP

(5.14)

Implementing this strategy for multiple transverse planes enables quantitative two-dimensional

imaging of temperature and gas composition [52, 53, 6].

If the flow-field is non-uniform and non-axisymmetric, obtaining spatially-resolved ther-
mochemical properties requires a more complex approach involving multiple projection an-
gles. Nonetheless, spatially-resolved temperature and mole fraction can still be obtained, as

shown in recent works from our group [97, 94].

5.3.2 Localized flow-field properties

Per Eq. 5.8, characteristic velocity can be determined with knowledge of the tempera-
ture, molecular weight, and specific heat ratio distribution of the flow-field. Using the LAS
techniques discussed in the preceding section, localized temperature measurements can be
directly used in Eq. 5.8 for calculating a localized ¢*. If the mole fraction measurements
well-represent the local bulk combustion gas constituents, then the molecular weight and spe-
cific heat ratio distributions are also known directly and can be used in Eq. 5.8. However,
this is typically not the case and so further assumptions are needed to estimate molecular
weight and specific heat ratio distributions. Here, we invoke chemical equilibrium to assist

in determining balance gas composition.

If the flow-field is assumed to be in local chemical equilibrium, the measured species
mole fractions obtained through LAS can be used to estimate local equivalence ratios at the
measurement locations. Fig. 5.3 illustrates the species distribution for MMA /O, combustion
based on chemical equilibrium [98] (computed using Cantera [58]). Over a wide range of
equivalence ratios, CO, CO,, and H,O are major constituents of the overall combustion gas
mixture and, additionally, have intrinsic dipole moments, which make them accessible via

LAS. As such, measuring all three species provides a reasonable estimate of the composition
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Figure 5.3 Top: Species mole fractions (X;) at chemical equilibrium for
MMA /O,(g) combustion at P = 1 atm and varying equivalence ratios (¢). Species
inaccessible via LAS (O,, Hy) are shown in gray. Bottom: Equivalence ratio sen-
sitivity of multiple species pairs, Z = X;/X;, used for determining local flow-field

properties

of the overall gas mixture (>75% at typical fuel rich conditions). The remainder of the
mixture can be estimated by assuming local equivalence ratios (or local chemical equilibrium)
at the measurement locations. This is done by taking the mole fraction ratio, Z, between
two measured constituents, X;/X;, and comparing them to the expected mole fraction ratios

from chemical equilibrium. As seen in Fig. 5.3, mole fractions for a given species are not
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always unique to an individual equivalence ratio; therefore, using mole fraction ratios is
critical to estimating the local equivalence ratio. Notably, CO and CO, provide the highest
equivalence ratio sensitivity, where uncertainties in the measured mole fractions, AZ/Z,
are always greater than the corresponding uncertainty in the local equivalence ratio, A¢/¢.
Specifically, for fuel-rich cases (¢ > 1.0) the uncertainty in the local equivalence ratio can
be up to 2x lower than the uncertainty in the measured species mole fractions. It should be

noted that a detailed uncertainty analysis is included in Sec. 5.5.

In the following demonstrations of the method, both the liquid-propellant rocket engine
and hybrid rocket combustor experiments target CO and CO, as the primary measurement
species to achieve high equivalence ratio sensitivity for determining the remaining gas mix-
ture. However, to encompass an even greater amount of the flow-field constituents and
further minimize the uncertainty of the remaining gas mixture, additional species accessible
via LAS can also be measured. This is demonstrated in the hybrid rocket combustor ex-
periment, where HyO measurements are also considered. With an estimate of the remaining
species in the flow-field, the local molecular weight and specific heat ratio of the bulk gas
can be well-estimated. For spatially-resolved measurements, this can be done at every mea-
surement location to obtain the molecular weight and specific heat ratio distributions of the
flow-field. The molecular weight and specific heat ratio distributions can then be used with

the temperature field to obtained spatially-resolved characteristic velocity.

It should be noted that there are limits to the equilibrium reference frame and addi-
tional considerations may be needed for non-equilibrium conditions, including compositional
variance in the reaction coordinate. To avoid additional complexity, more species can be
measured (as done in the hybrid rocket demonstration); however, this may not always be
feasible or practical. If the flow-field is not in chemical equilibrium, a similar approach may
be carried out by considering a reaction progress variable using an appropriate chemical

kinetic mechanism.
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5.4 Demonstration results

5.4.1 Liquid-propellant rocket combustion

As discussed in Sec. 5.3.1, temperature and species composition can be obtained through
different implementations of LAS. These measurements can then be used for calculating
localized characteristic velocity, ¢*, for rocket combustion analysis. Here, this technique is
first demonstrated on an RP-2/0, liquid-propellant rocket combustor located at the Air Force
Research Laboratory on Edwards Air Force Base, CA USA. A detailed description of the test
rig and measurement technique can be found in [99, 100]. Temperature and mole fraction
measurements of CO and CO, were taken over a range of pressures and mixture ratios
from 28-83 bar and 2.5-5, respectively. The measurements are shown in Fig. 5.4, along
with comparisons to expected values from chemical equilibrium—bounded by the highest
and lowest pressures that were measured. Overall, the measured temperature and species
follow the expected trends from chemical equilibrium and CO and CO, exhibit an inverse

relationship consistent with total carbon conservation.

For the LRE measurements, thermochemical properties are assumed to vary minimally
along the line-of-sight. This was determined to be a suitable approximation considering LAS
measurements were taken at a far downstream (32 cm) location from the injector face and the
measured species concentrations closely resembled the expected values from chemical equi-
librium. As such, the measured gas temperature was directly used in calculating a local c¢*.
Since CO and CO, only compose ~ 45% (at most) of the bulk gas, the composition (M, 7)
of the remaining mixture is estimated by assuming local chemical equilibrium. As described
in Sec. 5.3.2, the measured mole fractions of CO and CO, can be used to determine a local
equivalence ratio at the measurement location. The local equivalence ratio then dictates
the gas composition of the remaining mixture. With an estimate of the bulk gas properties,
local ¢* can be determined. Fig. 5.4 illustrates localized ¢* measurements obtained using

the measured thermochemical properties (T, CO, CO,). Similar to the measured tempera-
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Figure 5.4 Characteristic velocity (¢*), temperature, and CO and CO, mole fraction
measurements over a range of pressures (P = 28-83 bar) and mixture ratios (MR
= 2.5-5) in an RP-2/0,(g) rocket combustor. Shaded regions demonstrate the

expected values from chemical equilibrium.

ture and mole fractions, the localized ¢* measurements trend well with the expected values
from chemical equilibrium. The measured ¢* values are lower by 30-90 m/s, which trans-
lates to ¢* efficiencies in the range of 94-98%. These results demonstrate the technique’s
ability to quantify combustion performance at a particular downstream chamber location
using measured thermochemical properties over a range of operating conditions. For LRE

combustor examined here, all thermochemical measurements were taken at the same axial
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Figure 5.5 Left to right: Spatially-resolved temperature, species mole fractions
(CO, CO,, HyO), and characteristic velocity (¢*) measurements in a PMMA /O,(g)
hybrid rocket combustion experiment with single-port injection. Results are shown
for various fuel-grain heights to illustrate axial combustion progress. The center of
the fuel grain is located at » = 0 mm and the fuel-gain wall is located at r ~ 6.8

mim.

position (32 cm downstream of the injector). However, a modular instrumentation spool will
enable this procedure to be applied at various axial distances along the combustion chamber
to obtain 1D spatially-resolved combustion performance—a current effort from our research

group, which will help inform optimal chamber length.

5.4.2 Hybrid rocket combustion

To highlight an example of spatially-resolved characteristic velocity (¢*) measurements, the
technique was also demonstrated on a hybrid rocket combustor using poly(methyl methacry-
late) (PMMA)/O4(g) propellants in a canonical hollow fuel cylinder configuration. Combus-
tion progress in hybrid rockets is inherently diffusion-limited due to the different states of
the propellants (typically solid fuel and liquid or gaseous oxidizer). As a result, there exist
high spatial gradients in the thermochemical flow-field properties at the reacting fuel-oxidizer

interface, which not only dictate overall combustion performance, but are remarkably sensi-
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tive to changes in engine configuration (oxidizer injector design, pre-/post-combustion cham-
ber, fuel-grain geometry, etc.). Inasmuch, characterizing combustion performance through
spatially-resolved characteristic velocity measurements enables a novel granular method for

informing engine designs that promote or impede reaction progress.

Description of the hybrid rocket test rig and the LAS measurement procedure is dis-
cussed in [6]. Using one-dimensional tomographic reconstruction methods, radially-resolved
temperature and species mole fractions for CO, CO,, and H,O are obtained at various axial
distances along the fuel grain for a single-port injector geometry, as shown in Fig. 5.5. Here,
r = 0 mm corresponds to the center of the axisymmetric flow-field and the fuel-grain wall
is located at » =~ 6.8 mm, though some ambiguity exists in the radial distance associated
with the fuel-grain surface as a result of the fuel regression throughout the measurement and
lack of combustion products in the initial phase change or fuel pyrolysis. Nonetheless, the
fuel-grain surface is estimated to be within 0.5 mm of the reported results (supported by
post-test measurements of the grain diameter) and these uncertainties are accounted for in
the reported error bars. As combustion progresses axially, the local maxima of the flow-field
temperature remains fairly constant, but the core temperature increases as a result of the
reaction layer growth and turbulent mixing that promotes radial diffusion. Notably, the
peak temperature agrees very well with the maximum expected equilibrium temperature,
Thax =~ 3060 K, shown earlier in Fig. 5.1. Additionally, the peak temperature seemingly
corresponds with the oxidation of CO and formation of CO,, defining a major heat release
boundary in the flow-field. Similar to temperature, the measured species mole fractions are
observed to increase in the core as distance along the fuel-grain increases. This can also be
attributed to increased mixing, a growing reaction layer, and a reduction in oxygen dilution.
Overall, the observed trends are consistent with diffusion-limited combustion behavior with

a finite reaction zone.

As described in Sec. 5.3.2, the measured temperature and mole fraction distributions are

used to estimate a local equivalence ratio to determine the balance gas composition yielding
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M and ~ of the residual mixture. With this estimate of the overall species composition,
in addition to the measured temperature, radially-resolved characteristic velocity can be
calculated. Fig. 5.5 illustrates characteristic velocity as a function of radial distance from
the center of the flow-field (r = 0 mm) at various axial distances along the fuel-grain. The
measured ¢* values can then be compared to the theoretical maximum, ¢~ 1600 m/s,

shown previously in Fig. 5.1. Notably, the measured local ¢* maxima occur in the high-

*
max’

temperature reaction zone as expected and approach the theoretical maximum, c as axial
distance increases. This increase is also observed in the core of the flow-field, similar to the
trends present in the temperature and species measurements. At small axial distances, the

center of the flow-field is too dilute with oxygen and precludes further temperature, species,

and, accordingly, ¢* measurements.

To better visualize the sensitivity of combustion performance to changes in engine design,
the ¢* results shown in Fig. 5.5 can be compiled into a two-dimensional image by aggregating
planar measurements at different axial positions downstream of the injector. The resulting
2D ¢* field distribution can be compared for different oxidizer injector geometries. Fig. 5.6
shows spatially-resolved ¢* for two injector geometries, single-port and axial showerhead,
along with a classical depiction of diffusion-limited hybrid combustion. Aside from the
injector change, all other operating parameters (oxidizer mass flow rate, fuel, fuel-grain
geometry, etc.) are kept constant to highlight the importance of injector geometry in hybrid

rocket combustion.

Comparing the two injectors, the axial showerhead evidently demonstrates higher com-
bustion performance throughout the majority of the combustion chamber. The center of the

flow-field, in particular, exhibits significantly higher ¢* values at lower axial distances that

*
max*

more closely approach ¢ Conversely, the single-port injector exhibits much lower ¢* val-
ues in the core of the flow-field and the highest combustion performance is only attained in
a very thin region. These differences are attributed to the reduced level of turbulent mixing

present in the single-port injector, which more closely resembles the classical depiction of
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Figure 5.6 Spatially-resolved ¢* measurements for two injector geometries (single-
port, axial showerhead) in a PMMA /O,(g) hybrid rocket combustion experiment.
A classical depiction of diffusion-limited hybrid rocket combustion is shown for com-

parison.

diffusion-limited combustion with an infinitely thin flame sheet as shown in Fig. 5.6. In
the classical model, the flame zone sits inside a turbulent boundary layer and a fuel-rich
region is established near the grain surface, where the fuel vaporizes and reacts with the
incoming oxygen. The temperature increases and peaks as it approaches the flame zone,
where near stoichiometric conditions are achieved. Afterwards, the oxidizer core dilutes the

reaction and the fuel-lean conditions further decrease the combustion temperature. For the
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axial showerhead injector, incipient shear-induced turbulence associated with the multitude
of high-velocity jets provides for enhanced radial diffusion. At low axial distances (z < 40
mm), a low characteristic velocity in the core is observed; however, the turbulent mixing dif-
fuses the downstream reaction layer and increases wall shear, rendering higher concentrations

of hot products in the downstream core region relative to the single-port design.

In terms of overall combustion performance, the cool oxidizer core in the single-port
injector, which persists over most of the axial length, indicates that much of the oxidizer
propellant is not participating in the reaction, resulting in lower combustion efficiencies for
practical applications. The axial showerhead injector would provide equivalent performance
as a single-port injector while using much shorter fuel-grains. For practical considerations,
the implications of this are that, for a desired performance, the propulsion system can see
a significant reduction in weight simply from optimizing injector geometry. These results
demonstrate the technique’s ability to spatially characterize combustion performance and

better inform engine designs that promote increased combustion efficiency.

5.5 Uncertainty analysis

This work demonstrates a novel method for calculating localized ¢* from temperature and
gas composition measurements obtained via LAS. This section details the procedure used
to quantify the uncertainties in the resulting ¢* values, which encompass both experimen-
tal uncertainties in the thermochemical measurements (7', CO, CO,, H,0) and systematic
uncertainties in estimating the composition (M, ) of the remaining gas mixture not mea-
sured via LAS. Generally, a Taylor series method (T'SM) of uncertainty propagation [101] is

employed to capture the uncertainty of all dependent variables. For ¢*, this takes the form:

2 oc* 2 dc* 2 oc* 2
(A = (5587) + (g3AM ) + (5787 (5.15)

where AT is the uncertainty in the measured temperature distribution and A~ and AM are

the uncertainties in the combustion gas composition.
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For both the hybrid and liquid-propellant rocket combustor measurements, the reported
AT incorporates uncertainties associated with the harsh combustion environment (SNR)
and systematic uncertainties in spectral properties (i.e. linestrength, collisional broadening)
as shown in Eq. 5.16:

(AT)? = (ATsnr)? + (ATpee)” (5.16)

The uncertainty associated with convoluted environmental and optical noise, ATsng, is de-
termined via a 95% confidence interval on the measured absorbance. The systematic uncer-
tainty in spectral properties, ATy, is determined using the reported HITRAN 2016 [51]
and HITEMP 2010 [102] linestrength uncertainties as well as an estimation of the uncer-
tainty in composition-dependent collisional broadening. Additionally, for the hybrid rocket
combustor measurements shown in Figs. 5.5-5.6, spatially-resolved thermochemistry is ob-
tained by implementing a one-dimensional tomographic reconstruction technique. As such,
an additional uncertainty intrinsic to the tomographic inversion, which reflects the impact
of noise in the projection and data point spacing [55], is incorporated to propagate ATsng
radially towards the centerline. For the liquid-propellant rocket combustor results shown in
Fig. 5.4, thermochemical properties are assumed to vary minimally along the line-of-sight.
In this case, spatially-resolved measurements are obtained by simply conducting measure-
ments at various axial locations along the combustor with some added uncertainty associated
with line-of-sight non-uniformity. Further details on obtaining the temperature uncertainty
in such cases can be found in previous works from our research group [6, 70, 71, 103]; typical
values for the measurements presented herein are AT =~ 110-260 K for the hybrid rocket
experiments and AT =~ 170 K for the liquid-propellant rocket measurements. These uncer-

tainties are also illustrated in Figs. 5.4-5.5.

As mentioned in Sec. 5.3.2, M and v are partially obtained using the measured mole
fractions as shown in Fig. 5.4 and Fig. 5.5. The measured mole fractions, however, do
not represent the complete composition of the flow-field and so the remaining gas mixture

is estimated by using the measured properties to approximate a local equivalence ratio. As
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such, Ay and AM contain uncertainty contributions from both the measured mole fractions
(CO, CO,, HyO) and the estimate of the remaining gas mixture composition. This is captured
in Eq. 5.17 and Eq. 5.18:

(AM)? = (McoAXco)®* + (Mco,AXco,)”

5.17
+ (Mi,oAXu,0)° + Y (MAX;) (5.17)

(A7)? = (vooAXco)® + (vco,AXco,)?

(5.18)
+ (YH,0AX1,0)% + Z(’%AX@')z

Similar to the uncertainty in the measured temperature, the uncertainty in the measured
mole fractions, AXj;, also comprise uncertainties associated with the harsh combustion en-
vironment and systematic uncertainties in spectral properties. In addition to these, the
uncertainty in the measured temperature, AT, and how it propagates into AXj is also con-

sidered, as shown in Eq. 5.19:
(AX;)? = (AX;snr)? + (AXigpec)” + (AX; a7)? (5.19)

AX;snr and AXj gpec are obtained analogously to the aforementioned temperature uncer-
tainties. AX; a7 is calculated based on the added uncertainty in spectral properties (i.e.
linestrength, broadening coefficient) that result from an uncertainty in the measured temper-
ature. Further details on obtaining the mole fraction uncertainty can be found in [6, 70, 71];
however, typical values for the measurements presented herein are AX,; ~ 0.01-0.02 for the
hybrid rocket experiments and AX; ~ 0.01-0.03 for the liquid-propellant rocket measure-

ments. These uncertainties are similarly illustrated in Figs. 5.4-5.5.

In calculating the uncertainties in molecular weight, AM, and the specific heat ratio, A~,
Eq. 5.19 can be implemented for all the measured species. The resulting uncertainty from
Eq. 5.19 influences the resulting uncertainty in M and ~ via Egs. 5.17-5.18. For the hybrid
rocket measurements, this includes CO, CO,, and H,O; however, for the liquid-propellant

rocket combustor experiments, HyO is part of the balance gas. The uncertainty in species
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that are not directly measured (i.e. the uncertainty of the remaining gas composition) can

be evaluated via Eq. 5.20:

(AX;)? = <%§Z’A¢>2 (5.20)

where A¢ is the uncertainty in the local equivalence ratio determined by the uncertainty in
the measured species, as described in Sec. 5.3.2. For the liquid-propellant rocket combustor
data shown in Fig. 5.4, mixture ratio, MR = O/F, is related to equivalence ratio via:
¢ = (O/F)stoic/ (O/F)

The results presented herein consider the uncertainties described in Eqs. 5.16-5.20. These
values are then used to calculate the resulting uncertainty in the local characteristic velocity
measurements via FEq. 5.15. Typically values for the uncertainty in local characteristic
velocity are Ac* ~ 18-62 m/s for the hybrid rocket experiments and Ac* ~ 45-65 m/s for
the liquid-propellant rocket combustor experiments. In addition to the reported values, it is
often desirable to better understand how the uncertainty in these dependent variables (7', M,
) ultimately influence the uncertainty in characteristic velocity. This is visually portrayed
in Fig. 5.7, which demonstrates how the relative uncertainty in temperature, molecular
weight, and specific heat ratio, influences the relative uncertainty in characteristic velocity.
In Fig. 5.7, a on the z-axis simply represents a dummy variable, where Aa/a corresponds
to AT/T, AM/M, and Av/~. The relative uncertainties are plotted over the full range
of expected values for MMA /O,(g) combustion given the chemical equilibrium assumptions
considered herein. Notably, the dependent variable that can have the most variability is
temperature, which can vary from 300 K, when propellants are introduced, to 3060 K, which
is the peak adiabatic flame temperature. Conversely, the specific heat ratio only changes very
minimally (< 10%) over a wide range of conditions. As such, when simply considering the
range of possible values, temperature has the potential to more largely drive uncertainties
in characteristic velocity compared to gas composition. However, since the composition is
only partially measured while temperature is measured directly, temperature and molecular

weight are found to contribute near equally to the ¢* uncertainty. As shown in Fig. 5.7, only
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Figure 5.7 The corresponding uncertainty in characteristic velocity (Ac*/c*) for a
given uncertainty in temperature (A7/T), molecular weight (AM /M), and specific
heat ratio (A~y/7) over a representative range of possible values. The different lines

represent a = T, M, and ~

~ 50% of the uncertainty in temperature, AT/T, and molecular weight, AM /M, propagates
into the resulting uncertainty in characteristic velocity, Ac*/c*. For specific heat ratio, even
less is observed, where only ~ 36% of the uncertainty, A~y/+, propagates into the resulting

uncertainty in characteristic velocity, Ac*/c*.
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5.6 Conclusions

A novel method for experimentally obtaining localized characteristic velocity from laser
absorption spectroscopy measurements of temperature and gas composition has been de-
veloped and demonstrated. This method more granularly assesses the spatial variations in
chemical-to-thermal energy conversion present in rocket combustion devices and serves as an
alternative to the classical ¢* measurement that relies on global chamber pressure and mass
flow rate. The technique was demonstrated on two distinct chemical rocket test configura-
tions, namely an RP-2/0, liquid-propellant rocket engine and a PMMA /O, hybrid rocket
combustion experiment. For the LRE, in-chamber measurements of temperature, CO, and
CO, were used to determine local ¢* values over varying pressures (P = 28-83 bar) and
mixture ratios (M R = 2.5-5). For the hybrid rocket, one-dimensional tomographic recon-
struction techniques were incorporated to obtain spatially-resolved measurements of tem-
perature, CO, CO,, and H,O, enabling spatially-resolved c* images of the combustion zone.
While this method is evidently not limited to hybrid rockets, this case provides a thorough
demonstration of the technique’s unique ability to discern spatial-variations in combustion
progress relative to chemical equilibrium. Notably, incomplete composition measurements
were reconciled by using an estimated local equivalence ratio to approximate the balance gas
mixture. An uncertainty analysis was performed to account for such assumptions and other

sources of potential error or noise in the two applications.
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CHAPTER 6

Methyl methacrylate thermal decomposition:
Modeling and laser spectroscopy of species

time-histories behind reflected shock waves

he thermal decomposition of methyl methacrylate (MMA) was studied through species time-
history measurements of formaldehyde (CH,0), carbon monoxide (CO), and carbon dioxide
(CO3) behind reflected shock waves over a temperature range of 1200-1600 K near 1 atm.
Tunable laser absorption spectroscopy was employed to spectrally and temporally-resolve a
cluster of rovibrational lines in the Q-branches of the v; fundamental band and the vyo+vy
combination band of CH,O near 3.60 pm, three rovibrational transitions in the P-branch
of the fundamental band of CO near 4.98 pm, and a transition in the R-branch of the
(01°0—01°1) w3 band of CO, near 4.19 pm. Spectral fitting procedures are subsequently
used to infer CO, CO,, and CH,O mole fraction during the pyrolysis of shock-heated mix-
tures of MMA in argon. These data provided valuable experimental constraints on MMA
pyrolysis chemical kinetic models. Sensitivity analysis of a detailed chemical model for MMA
decomposition identified specific reactions likely to account for differences observed between
the species measurements and simulations of the test conditions. Modified reaction rate
parameters for select MMA decomposition reactions are proposed, determined via a genetic

algorithm optimization procedure anchored to the speciation data.
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6.1 Introduction

Poly methyl methacrylate (PMMA, also commonly referred to as acrylic glass) is a synthetic
solid fuel of keen interest to both the fire science and propulsion communities [104, 105, 106,
107, 108, 109, ?, 71, 110]. In fire science, PMMA has recently been used as a baseline solid
fuel to study flame spread in both normal [111] and reduced [112] gravity, with applications
to material flammability for in-space missions. In propulsion, the stability of PMMA in long-
term storage has motivated its investigation as both a hybrid rocket propellant [113, ?] and for
solid-fuel scramjet applications [114]. In both applications, knowledge of PMMA's regression
rate—which is influenced heavily by local radiant heat flux and flow conditions—is critical
to device safety, performance, and mission lifetime. Unlike many polymers, the pyrolysis
kinetics of PMMA are not complicated by charring or cross-linking behavior and it involves
relatively simple depolymerization behavior; its constituent monomer—methyl methacrylate
(MMA, C5HgO,)—accounts for over 90% of its pyrolysis products [106], providing a relatively
tractable model for solid fuel combustion. However, the detailed reaction chemistry of the
MMA monomer itself is not well-characterized, hindering the design and modeling of next-

generation hybrid combustion devices and advanced fire science experiments.

Existing models describing MMA reaction chemistry have been primarily developed dur-
ing broader investigations of oxygenated hydrocarbon reaction kinetics. MMA belongs to
a class of oxygenated compounds known as esters, specific types of which have received in-
creasing attention in recent years owing to their potential to augment or replace conventional
fossil-derived hydrocarbon fuels [115]. However, the pyrolysis and oxidation kinetics of many
such esters are difficult to characterize in the laboratory owing to their high molecular weights
and low vapor pressures [10, 116, 117]. For this reason, relevant experimental and computa-
tional research efforts have focused on smaller molecules with similar or analogous functional
groups—including short-chain akyl esters like MMA—with the aim of providing kinetic in-

sights on their long-chain counterparts. Examined esters which share reaction chemistry
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with MMA include acetates and formates [118, 119], butanoates and propanoates [120, 116],

as well as crotonates, propenoates, and acrylates [10, 117], among others.

However, previous chemical kinetic studies specifically involving MMA—which can pro-
vide modeling constraints specific to its molecular structure—have been limited to laminar
flame investigations [104, 121, 122, 10, 11, 123, 124]. Laminar flames provide useful valida-
tion benchmarks, but the convolution of transport mechanisms with pyrolysis and oxidation
chemistry complicate the interrogation of specific reaction pathways, specifically the incip-
ient fuel decomposition chemistry. Moreover, the kinetics of fuel pyrolysis and ignition are
radically distinct from those of flames [125], wherein the destruction of the fuel molecules
is achieved mainly through a convolution of thermal diffusion and H-abstraction reactions
readily enabled by an abundance of radicals provided by the flame zone. To illustrate the
shortcomings of reaction model optimization on the basis of laminar flames alone, time-
resolved well-mixed constant pressure reactor simulations of MMA decomposition at 1350 K

and 1 atm using two different chemical kinetic models are shown in Fig. 6.1.

The first chemical model shown, by Dakshnamurthy et al. [11], has been reduced from
the second model shown by Yang et al. [10] and optimized for multidimensional reacting
flow simulations of MMA combustion. In these chemical models, many Arrhenius reaction
rate parameters relevant to MMA decomposition and oxidation have been estimated [120]
or based on those of similar reactions of other molecules [11]. Notably, the two models
disagree in their time-resolved species predictions by multiple orders of magnitude, despite
both reasonably reproducing species profiles and flame speeds of laminar flames fueled by
MMA [10, 11].

To address these discrepancies, the predictive capability of fuel decomposition models
can be evaluated in the laboratory through comparison with time-resolved species measure-
ments behind reflected shock waves using optically-based measurement methods such as
laser absorption spectroscopy (LAS) [126]. Notably, shock tube experiments can provide

near homogenous, isothermal conditions absent of transport phenomena, and may be used
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Figure 6.1 Predicted combustion species evolutions at 1350 K from a 1% initial

concentration of MMA diluted in argon at 1 atm using the chemical models published

by Yang et al. (dot-dashed line) and Dakshnamurthy et al. (dashed).

to study high-temperature chemical kinetics without oxidation chemistry. As such, shock

tubes provide an ideal reactor for studies of thermal pyrolysis.

When coupled with automated reaction model optimization [127, 128, 129], multiple
Arrhenius rate parameters can be optimized simultaneously across multiple experiments
performed at different temperatures, reducing the uncertainties in parameters that were

hitherto estimated by functional group analogy or through ab-initio computational chemistry.

In this study, we investigate the reaction kinetics of methyl methacrylate decomposition
at elevated temperatures (1200-1600 K) and near-atmospheric pressures behind reflected
shock waves via time-resolved laser absorption measurements of CO, CO,, and CH,O mole

fraction. We first present our experimental methodology, including experimental shock tube
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apparatus, optical setup, and laser absorption spectroscopy, with specific attention to wave-
length selection and data interpretation. We follow this with a presentation of our novel
dataset capturing CO, CO,, and CH,O evolution alongside predictions of kinetic models
targeting MMA reaction chemistry. A detailed analysis is performed examining the causes
of disagreement between model predictions and experimental observations, identifying some
key uncertain reactions in the models by performing sensitivity analyses of reactions with
respect to predicted mole fractions of CO, CO,, and CH,O. We modify multiple rate param-
eters of these identified reactions using an automated optimization procedure which seeks
to minimize the discrepancies between the model predictions and experimental observations
across all of the temperatures achieved in the experiments. The modified rate parameters are
shown to yield significant improvement in predictive capability for time-resolved CO, CO,,
and CH,0 evolution during MMA decomposition. It is envisioned that the adjusted rate
parameters will provide more accurate predictions in applications involving MMA for which
chemical timescales are particularly relevant, such as in turbulent [130] and extinction [131]

combustion regimes, which pervade propulsion and fire environments, respectively.

6.2 Experimental Methods

6.2.1 Experimental setup

High-temperature chemical kinetics experiments in this study were performed in the High
Enthalpy Shock Tube facility (HEST) at UCLA, described in previous work [132, 133]
and depicted in Fig. 6.2. The stainless steel shock tube comprises a 1.5-m high-pressure
driver section and a 4.9-m low-pressure driven (test gas) section, separated by a polycarbon-
ate diaphragm. The test section of the shock tube has a transverse optical pathlength of
L = 10.32 cm and is circumscribed by interchangeable ports holding either sensors or optical
windows, positioned axially 2 cm from the end wall. For all experiments, reflected shock

pressure in the shock tube test section is measured directly with a dynamic pressure trans-
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ducer (Kistler 601B1) via a charge amplifier (Kistler 5018A) and post-shock temperature is
inferred from the shock wave speed determined via time of arrival sensors (Dynasen, Inc.)
along the shock tube. Uncertainty in reflected shock test conditions are typically about 1%

when properly accounting for vibrational relaxation of all components of the test gas [134].
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Figure 6.2 (top left) Cross sectional view of HEST facility showing optical access
and laser/detector setup. (bottom) Side view of HEST facility marking location of
cross section at the end of the driven section on the left. (top right) Representative
time histories of pressure (black), formaldehyde (green), CO (red) and CO, (blue)
from shock heated mixture of MMA.

The shock tube is connected to vacuum pumps, an agitated mixing tank, and a gas
delivery manifold used to barometrically prepare gas mixtures for all experiments using dual-
capacitance heated manometers (MKS Baratron 627B). Notably, the gas delivery manifold
is also connected to an interchangeable glass flask containing either solid or liquid chemicals

from which gaseous vapors are evaporated and mixed with inert gases during preparation
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Figure 6.3 Bottom: Absorption linestrengths for CH,, CH,O, CO,, H,O, and CO
at 1200 K, simulated using the HITRAN [7] and HITEMP [8] databases. Top:
Absorption simulations for CH,O (left), CO, (middle), and CO (right), highlighting

targeted wavelength regions and spectral features. CH,O absorption simulated using

the AYTY line list [9].

of the test gas mixtures. For studying the decomposition of MMA, mixtures of MMA in
argon (Ar) were prepared by evaporating liquid MMA from the interchangeable glass flask
into the agitated mixing tank to a desired partial pressure (below MMA’s vapor pressure
of ~29 Torr) and subsequently filling the tank with Ar. Prior to the preparation of each
mixture and before each shock test, the inner surfaces of the mixing tank and shock tube
driven section are passivated with MMA and the prepared MMA /Ar mixture, respectively,

after which the mixing tank and shock tube test section are vacuumed and filled to the

desired fill pressure. The procedure specifics were developed such to mitigate adsorption of

MMA from the test gas mixture into the walls.
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6.2.2 Laser Absorption Spectroscopy

Laser absorption spectroscopy (LAS) is a well-established optical diagnostic technique for
shock tube kinetics studies, owing to its high time-resolution, species specificity, and quanti-
tative capability in the measurement of species and temperature [126]. Spectral absorbance
a(v) of species measured in this work is calculated using the ratio of transmitted light (I;)
to incident light (Iy) at wavenumber v [cm™'] as defined by two different forms of the Beer-

Lambert law:

a(v)=—1In (%)V = PXabsSi(T)pi(v) L

0

(6.1)
= Oaps(V, P, T) LN s
In the first form, P [atm] is the total pressure, X, is the absorbing species mole fraction,
Si(T) [em™2/atm] is the linestrength for rovibrational transition ¢ at temperature T [K],
and L [cm] is the absorption pathlength. In the second form, o.s(v, P,T) [cm?/molec.] is
the absorbing species cross-section (dependent on v, P, and T), and N,s [molec./cm?] is
the absorbing species number density. The first form, used here to evaluate temperature
and concentration of CO and CO,, is typically employed when a comprehensive line-by-line
spectral database of an absorbing species is confidently known and the spectral transitions

i are easily separable in the absorbance measurement [71].

The second cross-section formulation of the Beer-Lambert law is appropriate for broadly-
absorbing species for which the temperature-dependent line-by-line spectroscopy are less
well-known and/or the absorbance spectra are convoluted enough to preclude identification

of individual spectral transitions from the absorbance measurement.

In this study, we employ this second form of the Beer-Lambert law to quantitatively
evaluate the temperature and concentration of formaldehyde, CH,O, using a database of
spectrally-resolved cross-sections o.ps(v, P,T) at multiple pressures and temperatures de-

tailed in a separate work [135].

Spectroscopic measurements of CO and CO, are simultaneously performed with line-by-
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Figure 6.4 Time evolution of absorbance of CO, CO,, and CH5;O shown for a test
at mid-range condition (75 = 1390 K, P; = 0.98 atm)

line interpretation.

An interband cascade laser (ICL, Nanoplus) with ~8.3 mW of output power is used to
target absorbance features of CHy0O near 3.60 pm, while an ICL (Nanoplus) with ~6 mW
of output power targets CO, absorption features near 4.19 pm and a quantum cascade laser
(QCL, ALPES Lasers) with ~50 mW of output power targets CO absorbance features near
4.98 pm. Figure 6.2 shows the optical setup in which the output light from each laser is
pitched through the shock tube test section, spectral bandpass filters, irises, and focusing

lenses onto photovoltaic (PV) detectors (VIGO Photonics).

The targeted spectral regions for each of the species measurements are shown in Fig. 6.3.
The ICL used for CH,O provides a scan depth of 1.03 cm™! at 40 kHz over a spectral

! comprising the ®Q; branch of the

range surrounding a collection of lines near 2778.5 cm™
v, symmetric C—H stretch band and the PQ7 branch of the vs+wv,; combination band of
CH,0 [136]. Likewise, the ICL targeting CO, provides a scan depth of 1.25 cm™! over the
R(0,60) line of COy’s (01°0—01°1) vz fundamental band near 2385 cm™!, while the QCL
provides a scan depth of 1.45 cm™! over the P(0,31) and P(2,20) lines of CO’s fundamental

band near 2008.5 cm ™.
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All lasers are scanned at 40 kHz using a triangle wave; representative scans for both the
incident (Ip) and transmitted (I;) intensity of each laser are shown in the right of Fig. 6.2
alongside a corresponding dynamic pressure measurement. The measured absorbance over
1 ms of post-shock test time is shown for each of CO, CO,, and CH,O in Fig. 6.4. The
detection limits for tests over 1200 K to 1600 K for CO, CO,, and CH,O ranged from
5-10 ppm, 10-20 ppm, and 50-90 ppm, respectively. Following the procedure described
in [71], the CO and CO, spectra at each scan or time-step are fit assuming Voigt lineshape
profiles [137] using spectral information from the HITEMP database with absorption areas,
collisional widths, and linecenters as free parameters [8]. The measured CH,O spectra are
fit against the temperature-dependent cross-section database of Kuenning et al. by fixing
temperature (via two-line thermometry of the CO and CO, spectra) and pressure (from

pressure transducer) and with mole fraction as a free parameter [135].

6.3 Results

Shock tube experiments were conducted with 1% MMA near 1 atm (0.88 atm—1.10 atm) at
initial post-shock temperatures in the range 1200-1600 K. Mole fraction time-histories for the
three species measured in this work are shown in Fig. 6.5 for two representative experiments
at different temperatures, along with corresponding predictions by the chemical models of
Yang et al. [10] and Dakshnamurthy et al. [11]. Mole fraction time-history predictions are
simulated by assuming the measured reflected shock temperature T, pressure Ps, and gas
composition as the prescribed initial conditions in a constant pressure well-stirred reactor
model. Representative error bars are shown for uncertainty in measured species time histories
and were calculated by propagating the uncertainty in measured temperature, reference-
temperature transition linestrength (for CO and CO,), absorption cross-section (for CH,0),
and the reflected shock temperature and pressure, as in previous shock tube studies [133, 132].

The average relative uncertainties in measured mole fractions of CO and CO, were 9% and
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6%, respectively. For CH,O, the average relative uncertainty was ~25% due to uncertainty in
the cross-sections used to calculate mole fraction and weak relative signals. For this reason we
primarily employ the CO and CO, measurements to guide the rate parameter modification

(discussed later) and use the CH,O data as a supplementary tool for validation.
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Figure 6.5 Comparison of measured CO, CO,, CH,O mole fractions with simula-
tions using the short MMA mechanism from Dakshnamurthy et al. (dashed line),

the full mechanism from Yang et al. (dot-dashed line), and the modified mechanism

from the current work (solid line).

The measurements deviate significantly from the predictions by both models with respect
to CO and CO, mole fraction, with the detailed model by Yang et al. [10] over-predicting
the production of CO and CO,, and the reduced model by Dakshnamurthy et al. [11] under-
predicting the production of all measured species. Notably, measurements of CH,O show
modest to good agreement with the magnitude of mole fraction predictions by the detailed
model of Yang et al. However, the detailed model predicts rapid CH,0O formation followed
by slow depletion above T5 ~ 1230 K, whereas this behavior is only observed experimentally

at conditions above T5 ~ 1390 K.

The observed temperature dependence of this species production and destruction is better
predicted using a modified version of the reduced model presented here (described in Sec. 6.4),

despite residual discrepancy in magnitudes at the highest temperatures. We provide detailed
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Figure 6.6 Comparison of measured CO and CO, mole fractions with simulations
(solid lines) using the short MMA mechanism from Dakshnamurthy et al. (top) and

the modified mechanism from the current work (bottom).

discussion on the methodology of the rate parameter adjustments in the development of our
modified version of the chemical model in Section 6.4; however, we include the modified
model predictions in this section for reader convenience and to avoid redundancy in figure

content.

Measured species time histories at multiple different initial temperatures are plotted in
Fig. 6.6 for CO and CO,, alongside predictions using both the reduced model by Daksh-
namurthy et al. [11] and our modified version of that model. As discussed in Section 6.4,
we anchored the rate parameter optimization to the mole fractions time-histories of both
CO and CO, while the CH,O data, where available, served as a valuable additional bench-
mark for independent verification. Across all temperatures examined, CO and CO, are
produced in measurable quantities immediately post-shock at formation rates that increase
with increased initial temperature 75. At low temperatures (75 < 1400 K), CO and CO,
are observed to increase monotonically during the measured test time (~1 ms), while at

higher temperatures, a plateau in yield is observed, wherein the mole fractions of CO and
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CO, both increase rapidly, and subsequently increase more slowly for CO while nearly stag-
nating for CO,. The experimentally observed leveling off of CO, supports the hypothesized
reaction pathways of both the detailed and reduced models, which predict CO, formation
relatively early in MMA decomposition [10, 11], despite its traditional role as a final product

in combustion.

Within the measurement test time, this transition point in kinetic behavior is predicted
by the Dakshnamurthy et al. model to occur at higher temperatures than were observed
experimentally, whereas the Yang et al. model predicts this trend transition at lower tem-

peratures.
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Figure 6.7 Mole fraction yield for CO, CO,, and CH,0 at 0.5 ms for 1% MMA /Ar
pyrolysis. Markers represent measurements and lines represent the Yang et al. [10],

Dakshnamurthy et al. [11], and final modified models.

6.7 shows the measured mole fraction of CO, CO,, and CH,O at 0.5 ms post-shock as
a function of temperature compared to predictions from the three models considered in this

work.

Improved agreement is achieved across the measured temperature range for CO and CO,
mole fractions with our modified model. Starting from 1200 K, CO and CO, yields increase

rapidly with temperature until a temperature threshold for trend transition is reached near
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1400 K, above which the CO and CO, yield increase more slowly. As temperatures approach
the higher end of the measured range, the three models converge in prediction of CO and CO,,
highlighting the value of data at lower temperatures (75 < 1400 K) where model predictions
more distinctly diverge. For T5 = 1500-1600 K, both the Yang et al. and modified models
predict a more dramatic plateau in CO4 mole fraction than is observed experimentally, while

the Dakshnamurthy et al. model under-predicts the mole fraction most significantly.

The measured CH,0 yield initially increases with temperature, peaks around 75 ~ 1390 K,
then decreases with further increasing temperature. The models all predict a similar trend,

albeit with different temperature ranges governing this trend.

The Yang et al. and Dakshnamurthy et al. models both predict a lower peak CH50 yield
than observed, with the Yang et al. model suggesting peak yield at a lower temperature
and the Dakshnamurthy et al. model predicting peak yield at a higher temperature than
observed. The modified mechanism more closely matches the peak yield magnitude and
temperature. With the exception of the mole fraction yield recorded near 75 = 1550 K,
the modified model most effectively reproduces the measured CH,O yield, despite not being

included as a speciation target in the mechanism optimization.

6.4 Kinetic modeling

In this section, we discuss the reaction kinetics of MMA decomposition and analyze chemical
models for this kinetic behavior in context of the results presented in the previous section.
We first briefly review existing kinetic models describing MMA reaction chemistry by Yang
et al. [10] and Dakshnamurthy et al. [11]. We describe our methodology for using sensi-
tivity analyses alongside descriptions of relevant initial MMA decomposition reactions and
subsequent reaction pathways, from which a few key reactions were selected for adjustment.
Modified rate parameters to these key reactions are proposed, via an optimization process

anchored to time-resolved CO and CO, speciation data.
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6.4.1 Decomposition Pathway Analysis

The detailed model by Yang et al. was developed during the study of three C; unsatu-
rated esters—including MMA—anchored to species mass spectrometry measurements in sub-
atmosphere premixed flames [10, 120]. This model includes 411 species and 2926 reactions.
In general, the Yang et al. model shows accelerated species formation relative to experimen-
tal speciation trends, most notable at the lower end of the temperature range studied. This is
clear in the 1365 K condition in Fig. 6.5. Such accelerated species formation at a given tem-
perature suggests that the activation energies for reactions related to MMA decomposition
may be underestimated in the detailed model. Such was the observation of Dakshnamurthy
et al. in the development of their reduced model [11] optimized against laminar flame exper-
iments; the activation energies for reactions related to MMA decomposition were increased
and other reactions were adjusted as part of their model optimization based on recommen-
dations from the literature. Several adjustments to rate parameters were based on those of
similar reactions of methyl butanoate [138, 139, 140, 141], methyl tiglate [142], methyl-2-
methyl but-3-enoate [143], isobutene [144, 145, 146], 1-butene [?], methyl-2-butenoate [147],
the isobutenyl radical [148], as well as propyne and allene [149]. The reduced model of Dak-
shnamurthy et al. also incorporated a base chemistry from Narayanaswamy et al. [150] to
achieve accurate predictions for laminar burning velocities of not only MMA, but of smaller
hydrocarbons as well. The mechanism, therein referred to as “short MMA mechanism”,
consists of 1084 reactions and 88 species. We focus here on optimizing the model against our
time-resolved speciation measurements and proposing modified rate parameters for select

reactions included in their short MMA mechanism.

We identify the reactions to which CO, CO,, and CH,O concentrations are most sensitive
using a time-resolved sensitivity analysis in an idealized reactor model in CANTERA [58].
Although we use the Dakshnamurthy et al. mechanism as our base model for optimization,
we also applied our sensitivity analysis to the detailed chemical model by Yang et al. [10],

with all 411 species and 2926 reactions to ensure no crucial reactions were missed as many
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reaction pathways are often eliminated in a mechanism reduction. For completeness, we

performed this analysis over the full range of post-shock initial temperatures in this study.
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Figure 6.8 Sensitivity coefficients for 1% MMA in argon at P; = 1 atm using the
Dakshnamurthy et al. mechanism are shown at 0.1 ms for temperatures of 1200 K
(left) and 1500 K (right). Reactions showing positive sensitivity factors increase

species production.

As a first step, a constant UV reactor model is used to screen for sensitive reactions in
the existing models, initiated with the experimentally-determined reflected shock conditions
Ts and Ps, as well as the molar composition X. We use the reactions and rates of the short
MMA mechanism and rank the reactions by their sensitivity with respect to CO, CO,, and
CH,0, and consider the top 50 in a subsequent sensitivity analysis utilizing the measured
shock tube pressure and post-shock temperature in a split-timestep reactor model described
in previous work [151], wherein non-reacting gas temperature changes caused by pressure
rise or fall during the experiment are modeled via isentropic compression or expansion,
respectively. The resulting sensitivity coefficients for reactions with high sensitivity for some
or all of the three targeted species in the Dakshnamurthy et al. model are shown in Fig. 6.8.
This analysis indicates that the targeted species sensitivity is heavily dominated by a small
number of reactions. Notably, the H-abstraction reactions are more sensitive for CO and

CH,0 at 1200 K, while more sensitive for CO45 at 1500 K. We use these analyses to identify
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Figure 6.9 MMA decomposition pathways considered in this work.

key reactions for rate parameter modification, informed by the LAS measurements. The first

two reactions listed in Fig. 6.8 are the two unimolecular decomposition pathways of MMA:
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The reaction leading to CH;0CO production (R2) is the most sensitive of all reactions
included in the mechanism and significantly more sensitive for these species than R1. The
sensitivity coefficients are positive for CO, CO,, and CH,0O for both of these reactions indi-

cating that rate increases will lead to increased production of all three molecules.

The next two reactions listed involve the decomposition of CH;0CO:

CH;0CO — CH30 + CO

CH,0CO — CHs + CO,

The sensitivity coefficients for these reactions notably indicate inverse relationship of species
formation for CO and CH50O versus CO,. The first reaction directly produces CO as well
as CH30, which is a precursor to formation of CH,O and CO; the second reaction produces
CO,. Thus the relative rates between these two pathways will affect the ratio of CO (and
CH,0) to CO, formed. Despite the high sensitivity of these reactions, we omit them from
our rate parameter modification, as these reactions have been studied more extensively in

the literature [11, 116].

The three reactions following (R3 through R5) are the hydrogen abstraction reactions
of MMA with atomic hydrogen, resulting in the respective allylic (PJ), alkylic (MJ), and
vinylic (VJ) MMA radicals:

H + MMA < H, + CH=C(CH;)—C(=0)OCHj (PJ) (R3)

CO and CH50 are also positively sensitive to the reactions R3—-R4. Note that abstractions
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by O and OH radicals, which are more relevant in oxidation regimes, are included in the

mechanism but not optimized in this work.

The remaining reactions listed involve competing pathways for the carbon atoms without
presence of oxygenated molecules as well as reactions causing CH,O production or destruc-
tion. We exclude the former from modification as we lack relevant species measurements to
which to anchor; and we exclude the latter as these reactions are not specific to MMA ki-
netics and the rates are comparatively well-studied. Moreover, sensitivity analysis indicates
that H-abstraction to the vinylic pathway is much less significant than the allylic and alkylic
pathways [11], and so we exclude (R5) from modification. To summarize, rate parameters
for 4 reactions are optimized in this work, reflecting both initial decomposition (R1-R2) and

H-abstraction reactions (R3-R4).

Figure 6.9 shows the decomposition pathways including the targeted reactions and sub-
sequent reactions leading to the targeted intermediate and product species. These pathways
represent the most significant routes for CO, CO,, and CH,0 production during MMA pyrol-
ysis in the temperature ranges of interest in this chemical model. S-scission of the allylic and
vinylic MMA radicals leads to CH30CO formation, from which both CO and CO, are conse-
quently produced, with CH,O an intermediate leading to CO. Alternately, H-abstraction of
MMA to form the alkylic-position MMA radical has a distinct pathway leading via (-scission
to iC3H;CO and thereafter, CO. Thus, modifying the respective rates of the hydrogen ab-
straction reactions significantly impacts the resulting ratio of CO and CO, produced. The
Yang et al. detailed mechanism uses equal rates for the allylic and alkylic sites; the reduced
Dakshnamurthy et al. mechanism differentiates the three H-abstraction reactions as the al-
lylic radical is a relatively more stable molecule and the three abstraction sites have distinct

related C-H bond dissociation energies (allylic < alkylic < vinylic) [11, 152].

Though not explicitly detailed here, CH30 becomes CH,O via third-body collisions fol-
lowing its formation from CH3;OCO. After complete decomposition of CH;0CO, reaction

pathways to CO, are no longer available; however, CO continues to be produced by CH,0O
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following the typical route through the formyl radical, HCO. This explains the fast plateau
of CO, mole fraction seen at the higher temperatures (Figs. 6.5 and 6.6) while the mole

fraction of CO continues to increase slightly at the expense of CH5O0.

6.4.2 Mechanism Modification

Reaction Original parameters Modified parameters

A n FE A n FE

R1 MMA — iC3H;CO+CH3;0 9.55-10 -0.39 369.0 4.36-10® -0.49 350.1
R2 MMA — tC3H;+CH;0CO  6.42:10% -0.35 350.6 7.26-10% -0.37 305.2
R3 MMA+H — PJ+H, 1.86-10° 2.54 11.66 2.06:10° 2.69 5.84
R4 MMA+H — MJ+H, 1.92:10" 2.06 31.08 1.55-10% 2.21 35.86

A is in em®mol™t-s7! or em®mol=2.s7!, E is in kJ-mol~!

Table 6.1 Rate constants of the Dakshnamurthy et al. and the modified MMA

pyrolysis models

As a next step beyond sensitivity analysis, an optimization procedure is employed to
adjust the Arrhenius rate parameters for the target reactions. Often, shock tube pyrolysis
studies aim to examine the decomposition rate of a molecular species at different tempera-
tures, in order to determine elementary reaction rate constants based on pseudo-first-order
kinetics [125]. This ideally involves direct time-resolved measurement of the decompos-
ing species; however, with these measured product species time histories, we can compare
the model predictions against experimental data and modify the Arrhenius rate parameters
of the several targeted reactions to mitigate disagreement in the formation timescales and
magnitudes observed. We focused here on selecting reactions from initial to early stages of
decomposition and, in particular, reactions for which rate constants had relatively high levels

of uncertainty in existing mechanisms. The rate parameters were optimized by employing
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a genetic algorithm-based method; the procedure followed is based on and detailed in the
work of Sikalo et al. [128]. In each iteration—or generation—of the optimization, the sets of
reaction rate parameters that minimize error between the measured and predicted species
mole fraction (with equal weighting for CO and CO,) are selected. These best-performing
solutions are then combined (some parameters from one solution set and merged with some
from another set) and mutated (randomly selected parameter in a solution is varied) to be
tested in the next iteration until a single solution is converged upon. Effectively, different
permutations of the 12 Arrhenius rate parameters (for reactions R1 through R4) are evalu-
ated and improved upon until the experimental species time-evolutions can be reproduced by
the kinetic model. The optimization was anchored to the first millisecond of test time of CO
and CO, speciation data. The CH,O data had higher uncertainty, and so was not weighted
in the optimization; however, the improved agreement seen between the CH,O mole fraction
measurements and the modified mechanism serves as a useful independent validation. The
final modified rate parameters for the two unimolecular MM A decomposition reactions (R1
and R2) and the key hydrogen abstraction reactions (R3 and R4) are shown in Table 6.1.

The resulting rates are shown as a function of temperature in Fig. 6.10.

The overall production of CO, CO,, and CH,O are all generally under-predicted by the
Dakshnamurthy et al. mechanism compared to this speciation data; our mechanism opti-
mization unsurprisingly resulted in rate increases for all targeted reactions. As the ratio of
CO4 to CO produced and overall production are strongly affected by the rates of R1 and
R2, these rates changed most significantly to better reflect the CO/CO, observed in the
shock tube experiments. For the abstraction reactions, the updated pre-exponential factors
increased consistently by an order of magnitude for all of R3 and R4. The modified mech-
anism indicates that pre-exponential factors A for the targeted reactions should generally
fall between those published in the Yang et al. and Dakshnamurthy et al. models. The
optimization resulted in a near-negligible change to the temperature exponents n of the de-

composition reaction (R1 and moderate changes (< 30 %) for the other modified reactions
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Figure 6.10 Comparison of rates between the Dakshnamurthy mechanism and the
modified mechanism for the unimolecular decomposition reactions of MMA (left)

and hydrogen abstraction reactions (right).

(R2, R3, R4). The activation energies E for the allylic site hydrogen abstraction reaction was
decreased as were both of the decomposition reactions, falling between the values published
in the Yang et al. and Dakshnamurthy et al. models for decomposition reactions (R1 and
R2) and lower than both existing models for the allylic H-abstraction (R3). Notably, the or-
dering of the activation energy and overall rate constant magnitudes remained unchanged for
the abstraction reactions such as to follow the ordering of the relative C-H bond dissociation

energies.

The predictions using the refined mechanism model are compared with the experimental

species time-histories and existing mechanism in Fig. 6.5 and Fig. 6.6. The experimental
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and simulated mole fraction yields are shown in Fig. 6.7. As discussed in Section 6.3, the
modified mechanism overall more closely predicts the experimental data of CO, CO,, and
CH,O than either the unmodified version of the short MMA mechanism and the original
detailed chemical model. However, the mole fraction magnitude agreement with the data
worsens at the higher temperatures (75 > 1500 K), particularly so for CO, and CH,0. Both
the detailed Yang et al. and the modified mechanisms predict the plateau level of the CO,
mole fraction to be around X = 0.4% whereas we measure this to be around X = 0.6%. For
CH,0, we measure a more dramatic decline in mole fraction at Ty = 1555 K than is captured
by our modified model, though agreement is improved for the other four lower temperature
tests for which CH,O was measured. Despite these magnitude discrepancies at select condi-
tions, we observe good agreement in the time-evolution trends for all three measured species
across the temperature range. Most notably, the modified mechanism shows significant im-
provement in capturing the initial highly temperature-dependent formation timescales of the
decomposition products relative to both the Yang et al. and Dakshnamurthy et al. across
all conditions. As a check on the impact of these changes regarding prior experimental
works, flame speed predictions using the updated model were found to generally agree well
with the flame speeds reported by Dakshnamurthy et al., with deviation ranging from 0.3—
8% over all conditions with an average disagreement of 4%. Comparisons of laminar flame
speeds and species profiles can be found in the appendix. The modest differences observed
between the models in laminar flame conditions highlights the enhanced sensitivity of the
more targeted shock tube pyrolysis studies performed in this work to the early decomposi-
tion reactions, which cannot be readily isolated in flame experiments. Overall, these kinetic
rate adjustments represent a starting point in the refinement of a detailed mechanism for
MMA oxidation. Future shock tube studies with oxidizing mixtures are expected to elucidate

contributions of other reactions such as H-abstraction by O and OH.
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6.5 Conclusion

In this work, the chemical kinetics of methyl methacrylate (MMA, C5HgO,) pyrolysis were
examined in a shock tube reactor using infrared laser absorption spectroscopy. Experi-
ments were conducted over a range of temperatures from 1200-1600 K and near atmospheric
pressure. Quantitative interpretations of spectra obtained by laser absorption during the de-
composition of MMA enabled species time-history measurements of carbon monoxide (CO),
carbon dioxide (CO,), and formaldehyde (CH,0). The data were subsequently compared to
existing models for MMA combustion, revealing significant disagreements. Guided by sensi-
tivity analyses and genetic algorithm based optimization, we propose modified Arrhenius rate
parameters for the two unimolecular decomposition reactions and key H abstractions that
initiate MMA pyrolysis. Updating these rates within the short MMA mechanism of Dak-
shnamurthy et al. led to significantly improved agreement with speciation measurements.
Some discrepant behavior still exists at higher temperatures that future experimental studies
in different environments may reconcile. The data-driven insights and reaction mechanism
improvements from this work are expected to help advance PMMA combustion models for

hybrid rocket propulsion systems and fire science studies.
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CHAPTER 7

Polytetrafluorethylene (PTFE) burn characteristics in

a convective oxidizer cross-flow

7.1 Introduction

Fire-resistant polymers are used extensively in modern structures to reduce flammability
and the probability of fire-related loss or death. However, gas-phase emissions from these
materials are often more toxic than those from conventional fuels. Specifically, halogenated
polymers are considered fire resistant due to their chemical stability at high temperatures and
the release of halides or halogen acids which can interfere with gas-phase combustion and
limit heat release [34]. Unfortunately, hydrogen halides are acutely toxic and incomplete
combustion leads to elevated emissions of carbon monoxide and unburned hydrocarbons

including aromatics.

Figure 7.1 shows a typical fire growth curve for a compartment experiencing flashover
including growth, developed, and decay phases. Towards the tail end of the cooling/decay
phases is when firefighter ”overhaul operations” occur. The conditions during overhaul are
often identified qualitatively by the firefighting personnel and quantitatively by fuel mass loss
rate (as a proxy for heat release rate), local temperature, and gas species concentrations,
where applicable. Once a fire is decaying, as during overhaul operations, there is often
the perception that toxicant exposure risks are minimal however, in reality, emissions from
asphyxiants, irritants, and carcinogens can be very high depending on the materials fueling

the fire. These toxicants significantly increase the health and safety risk associated with
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Figure 7.1 Fire growth/decay stages of compartment fire experiments with fire-
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smoke inhalation for first responders and civilians in close proximity to structural fires. While
these challenges are well known, the detailed physics (kinetics, transport) associated with
toxicant formation are insufficiently understood for many halogenated polymers, precluding

accurate model prediction of fire toxicity and inhibiting risk quantification.

Polytetrafluoroethylene (PTFE), or Teflon, is a common fire-resistant fluoropolymer used
extensively in construction and industrial applications due to its chemical inertness and high-
temperature stability. The stability of PTFE may be attributed to the carbon-fluorine bond
associated with the monomer tetrafluoroethylene (C,F,). The bond dissociation energy of
the C-F single bond is higher than any other carbon-halogen as well as carbon-hydrogen
bonds. As such, the pyrolysis of PTFE requires higher temperatures than most other syn-
thetic or natural polymers and the material does not easily burn. However, upon thermal
decomposition of PTFE in a fire environment, fluorine and fluorocarbon radicals will form
and participate in combustion. Fluorine has the highest electronegativity of any element,
and thus strongly attracts shared electrons, more so than oxygen. In the presence of H,O,
which is common to any ambient or fire environment, fluorinated radicals will react to form
hydrogen fluoride (HF). HF is an acutely toxic gas with a lethal human exposure limit of
approximately 50 ppm for a 30 minute period [153]. Here we aim to examine the incipient

formation of HF (as well as CO) and associated burn characteristics of PTFE at fire con-
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ditions. HF also readily dissolves in liquid water to form hydrofluoric acid which can cause

pulmonary edema and cardiac failure through dermal fluoride uptake.

Recent research conducted at the Air Force Civil Engineer Center found that thermal
decomposition of HFC fire extinguishing agents rapidly produce high concentrations of hy-
drogen fluoride gas, in some cases reaching the IDLH level within 45s of deployment [154].
The study also references a tragic instance in 2012 in which a U.S. military vehicle was hit
by a grenade which activated its automatic fire suppression system containing HFCs, lead-
ing to HF gas production. Three personnel suffered from acute respiratory failure from HF

poisoning within a short time frame that resulted in death.

A number of previous theoretical and experimental studies have examined fluorocarbon
combustion to advance chemical models towards predictive capability of toxicant formation.
The foundational shock tube studies by Modica and LaGraff introduced a simple two-step
mechanism to capture high-temperature CoF, pyrolysis and oxidation, respectively, deter-

mining formation rates of CO and F atoms [155]:
C2F4 - QCFQ (R,l)

CFy + Oy — CO + 2F + O (R2)

Subsequent studies have built more detailed reaction mechanisms that account for additional
steps and pathways for pyrolysis, oxidation, and hydrogen interactions, with the latter re-
quired to predict HF. Modeling hydrofluorocarbon chemistry has required more sophisticated
theoretical approaches to determine the many potential reaction pathways. Burgess et al
used a combination of empirical data and ab initio calculations to produce a comprehensive
mechanism of C1 and C2 fluorinated hydrocarbon chemistry [156], which has been tested
and modified in other works [157, 158, 159]. Recent efforts towards understanding high-
temperature hydrofluorocarbon chemistry have included shock tube studies to interrogate
additional pyrolysis pathways [160, 161] and refined calculations of thermochemical proper-

ties [162, 163]. To ultimately predict toxic emissions in a realistic fire environment, addi-
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tional physics including heat transfer mechanisms and fluid dynamics must be considered,
and coupled with the chemistry. State-of-the-art computational studies have recently shown
promise to couple such detailed chemistry with multi-dimensional solid-fuel combustion mod-
els [164, 165, 166]. Complementary and computationally tractable experiments are needed
with quantitative in situ measurements of species, temperature, and other spatially-evolving

parameters to constrain and anchor such models.

In this work, we present a solid-fuel combustion experiment for fire-resistant polymers
subject to forced convective cross-flow to assess burn characteristics and toxicant formation
from PTFE using laser absorption diagnostics for in situ species and temperature mea-
surements near the fuel surface. The paper first describes the axi-symmetric solid-fuel
experimental configuration and optical diagnostic integration, which involves an oxygen-
enriched pre-burner flame using polymethyl methacrylate (PMMA) to create well-defined
high-temperature boundary conditions to which the PTFE is exposed. The laser absorption
tomography methods are then detailed, highlighting the advantage of the axi-symmetric
geometry to reconstruct quantitative two-dimensional images of thermochemical flow struc-
ture near the material surface. A novel dataset of quantitative hydrogen fluoride and carbon
monoxide species profiles as well as temperature is presented. The results are discussed
with an accompanying first-order analysis using available thermochemical models that de-
scribe high-temperature chemical reaction pathways for fluorocarbon oxidation in a fire-like

environment.

7.2 Methods

7.2.1 Solid Fuel Burner

The solid-fuel combustion experiment was adapted from our prior work [6] and is shown in
Fig. 7.2. The experiment involves forced convection of a gaseous oxidizer across a cylindrical

solid fuel grain. The cylindrical grain geometry provides 2D axi-symmetry (r,z) of the
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gas-solid interface, enabling quantitative tomographic reconstruction of line-of-sight optical
measurements from a single view angle (discussed further below) while avoiding the edge
effects of planar slab burners. The cylindrical axi-symmetry also provides a relatively simple
geometry for detailed computational modeling [164]. The test rig is designed to accommodate
fuel grains of varying composition and length, the latter of which enables two-dimensional
measurements based on exit plane measurements at different axial distances (z). Due to the
high-temperature stability and fire resistance of PTFE, a composite fuel grain assembly was
used in place of a homogeneous fuel cylinder. Notably, PTFE combustion proved difficult to
initiate even in a pure oxygen environment at ambient temperature. As such, a 25.4 mm (1
in.) long polymethyl methacrylate (PMMA) fuel grain was used as a pilot burner to expose
PTFE to both sustained high temperatures that initiate pyrolysis as well as hydrocarbon
combustion product gases typically present in fires. PTFE fuel grains from 12.7-127mm
(0.5-5 in.) in length were examined, each mated to the top surface of the PMMA pilot
fuel grain. The boundary condition (temperature, species) created by the pre-burner was
characterized (shown later) and held constant across experiments. Importantly, the PMMA
pre-burner combustion facilitates HF formation by supplying hydrogen (via water vapor) to
the oxygen-enriched core flow with which the fluorocarbons can react, as would be the case in
a fire environment. The test rig, and all associated experimental components, were contained

within a high-flow (1150 cfm) laboratory fume hood to exhaust combustion products.

The composite fuel grain, including both the PTFE and PMMA components, had an
inner diameter of 12.7 mm (0.5 in.). All tests were performed with a consistent oxidizer mass
flow rate of 7h,, = 1.5 g/s using a single central injection port previously characterized [71].
Ignition was controlled remotely with an electrically-initiated pyrotechnic charge directed
into a precombustion chamber directly beneath the bottom surface of PMMA [6]. The
mass of the heterogeneous fuel grain was measured before and after each test to estimate
a test time-integrated mass loss, equivalence ratio and regression rate. A graphite gasket

(~3 mm thick) was moulded to the top of the PTFE component to mitigate top surface
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pyrolysis. Burn durations for tests, including start up time and the quasi steady-state
measurement period, were approximately 14 seconds. At the end of the test time, nitrogen
gas was immediately flushed through the oxygen line to extinguish the flame and purge the

plumbing.
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Figure 7.3 Top. Absorption line strengths of HF, CO, and other relevant combus-
tion species simulated at 2500 K [7]. Bottom. Simulated target transitions of CO

and HF (X = 15%) with exaggerated water interference.
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7.2.2 Laser Absorption Spectroscopy

In situ species and temperature measurements in the near-surface reaction layer were per-
formed using infrared laser absorption spectroscopy (LAS). LAS relates the attenuation
of light through a gas medium to thermophysical properties of the absorbing molecules.
Species-specific absorption spectra can be obtained by tuning lasers in spectral frequency or
wavelength across individual lines associated with quantum energy transitions of the species
of interest. In this study, we probe the mid-infrared fundamental vibrational bands of HF
and CO in order to quantitatively recover species mole fraction and temperature in the re-
acting flow. The targeted wavelengths or frequencies are highlighted in Fig. 7.3. Specifically,
we probe the hydrogen fluoride spectra in the R-branch of the fundamental band near 2475
nm. The R(1) rovibrational line at 4038.965 cm™2, simulated in Fig. 7.3, was selected due
to its high strength and lack of spectral interference from other atmospheric and combustion
gases. It should be noted that non-optical ex situ detection and quantification of HF is
particularly difficult due to its propensity to irreversibly interact with solid surfaces asso-
ciated with sensors and sampling [167]. For carbon monoxide, we probe the P(0,31) and
P(2,20) transitions near 2008.5 cm™" as also shown in Fig. 7.3. This line pair can be mea-
sured simultaneously within the typical injection current tuning range of a semi-conductor
laser. The CO lines were selected in part due to the large difference in lower state energies,
AE” = 3151 em™!, which enhances temperature sensitivity [6]. We note the spectroscopic

parameters of all target transitions are compiled in the HITRAN database [7].

The laser spectroscopy optical setup was coupled with the solid fuel combustion test rig

as depicted in Fig. 7.2. A distributed feedback (DFB) diode laser (Norcada) with ~5 mW

1

output centered around 4040 cm™" was utilized to target the hydrogen fluoride line. For

carbon monoxide, a DFB quantum cascade laser (Alpes) with ~75 mW output centered

! was used. The output beams of both lasers were combined via a CaF,

around 2008 cm™
beam splitter to make them colinear before being focused across the exit plane of the fuel

grain with a beam waste of ~0.5 mm. On the catch side, a second beam splitter was used
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to spatially de-multiplex the colinear beams, producing two perpendicular beams. Narrow
bandpass spectral filters were placed along the separate beam paths to isolate each wave-
length in front of distinct photodetectors (VIGO PVI-ATE-5 and Thorlabs PDA10D) used
for CO and HF measurements. Both lasers were injection-current scanned in intensity and
wavelength at a frequency of 2 kHz using a sawtooth waveform, while the transmission signals
from the photodetectors were recorded at a 2.5 MHz sample rate. The multi-plexed optical
line of sight was translated at 2.5 mm/s across the exhaust plane. The recorded transmission
signals were time-averaged (every 200 scans) to yield a measurement radial resolution of half
the beam diameter, such that the beam diameter (0.5 mm) effectively determines the radial

spatial resolution.

7.2.3 Tomographic Imaging

Attaining the spatial profiles of temperature and species involves a tomographic inversion of
the path-integrated line-of-sight laser absorption signals. Each of the three target lines for
HF and CO are spectrally-resolved via the laser scans. The intensity signals can be converted
to spectral absorbance, a(v), and spectrally integrated to yield projected absorbance areas,
Aproj, for each target line, spatially-resolved across the measurement plane (see figure 7.4,
top). These spatially-resolved path-integrated line areas, A,,,;, can be directly related to

the line-of-sight distribution of the integrated spectral absorption coefficient, K (I):

o0 L(y)
M) = [ atviav= [ Kl
= (7.1)
(v)

:/i PS;(T(1))X;(1)dl

To invert the line-of-sight absorption measurements, we exploit the axisymmetry of the
flow-field to employ a Tikhonov-regularized onion peeling deconvolution [52, 6, 71] to con-
vert the projected absorbance areas to line-integrated spectral absorption coefficients, K (r),

in the radial dimension (see figure 7.4, bottom). The radially-resolved ratio of the inte-

140



grated absorption coefficients of the two CO lines is used to obtain temperature, T'(r),
where the ratio reduces to a linestrength ratio that is only a function of temperature:
R(r) = Ki(r)/Ky(r) = S1(T(r))/Se(T(r)). With the gas temperature distribution known,
the radially-resolved mole fraction can be determined from the radially-resolved spectral ab-
sorption coefficient of a single line via: X (r) = K,;(r)/PS;T(r). To produce two-dimensional
images of the reaction layer, the radial absorption profiles were acquired at different axial
lengths of the PTFE fuel grain, while holding the PMMA pre-burner length and oxidizer

flow rate constant.

7.3 Results

Experiments were conducted for PTFE fuel grain lengths of 25.4mm-127mm (1-5 in.) with
25.4 mm (1 in.) interval spacing, with an additional test of a 12.7 mm (0.5 inch) fuel grain
to add spatial resolution in a region where a higher gradient was expected near the PMMA
boundary condition. The forced convection oxidizer flow rate was held constant at rm,, =
1.5 g/s. Several tests were conducted at a single fuel grain length to verify experimental
repeatability and to assess the quasi-steady state and axisymmetric assumptions over the

measurement time.

Global fuel regression behavior was assessed based on post-burn mass loss and geometric
measurements of the fuel grain; key results of this analysis are presented in Table. 7.1. The
total consumed fuel mass was determined for each of the PMMA pilot burner and the PTFE
fuel grain by measuring the masses before and after each hot-fire test. This mass loss is used
along with the total burn time to determine the space-time averaged parameters discussed.
The space-time averaged regression rate, 7, is observed to decrease with fuel grain length due
to the declining availability of oxygen from ongoing reactions and formation of oxygenated
product species. The averaged mass burn rate of regressing PTFE with fuel grain length are

also shown. The rates were corrected for burn time variation by accounting for variation in

141



mass burn rates measured from the 25.4 mm (1 in.) PMMA pilot burner fuel grain which
ranged from 0.22 +/- 0.03 g/s. Over axial length, we observe a diminishing marginal increase
in 7, consistent with the declining regression rate. Compared to a study with PMMA as
the sole fuel, the rates measured for PTFE regression are over 50% lower [71]. The O/F
ratio decreases with fuel grain length as fuel mass is added to the constant oxidizer mass
flow, trending from fuel-lean towards fuel-rich conditions. These global burn characteristics,
although space-time averaged, provide an important reference for more granular species and

temperature measurements.

Ly T G mprre  O/Fl,
in. [mm] [mm/s] [kg/m3s] [g/s]
0.5 0.069 0.010 0.17 9.8
1 0.041 0.011 0.23 7.6
2 0.039 0.012 0.35 5.1
3  0.024 0.014 0.44 3.0
4 0.021 0.014 0.55 3.1
5 0.017 0.015 0.58 2.2

Table 7.1 Global fuel regression parameters for PTFE with PMMA/GOx pre-

burner and rm,, = 1.5 g/s

7.3.1 PMMA pre-burner boundary condition

The pre-burner boundary condition was measured using the laser absorption tomography
method to determine the initial temperature and gas composition to which the PTFE was
exposed. Fig. 7.6 shows the measured temperature and CO species as a function of radial
position from the core. Given the PMMA mass burn rate, the global equivalence ratio at
the boundary was approximately ¢ = 0.28. Despite this very fuel-lean global condition, a

peak temperature (~2950 K) slightly lower than the stoichiometric value is reached within
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Figure 7.5 PTFE mass burn rate versus PTFE fuel grain length. The mass burn

rates are space- and temporally-averaged parameters over the total burn duration.

4 mm of the fuel surface due to the radial distribution of O/F ratio moving from fuel rich
at the surface to the core which is primary oxygen. The carbon monoxide mole fraction is
measured to peak at nearly 20% within 2 mm of the fuel surface while reducing to nearly
zero within 5 mm of the PMMA surface. Overall, based on the global O/F, it is estimated

that approximately 60% of the bulk cross-flow remains oxygen.

7.3.2 PTFE reaction layer measurements

Laser absorption tomography results from the aforementioned combustion tests of PTFE
with the hot vitiated oxygen cross-flow are shown for select axial distances in Fig. 7.7
and compiled across the full experimental domain in two-dimensional images in Fig. 7.8.
Quantitative spatially-resolved temperature and species profiles illustrate the thermochemi-
cal evolution in the reaction layer. Select trends are noted here and discussed further in the
following section. It is notable that due to the inherently faster fuel regression of PMMA
compared to PTFE, the respective port diameters and thus radial domains differ, rendering

a slight flow convergence at the interface. Temperature and species uncertainty, as repre-
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Figure 7.6 CO mole fraction and temperature radial distribution measured from

the 25.4 mm long PMMA pilot burner in GOx cross-flow.

sented by error bar magnitudes, reflects variation in axisymmetry across the flow centerline,
uncertainty associated to tomographic deconvolution, and uncertainty in spectral parame-
ters from HITRAN [7]. Further details on this uncertainty analysis can be found in previous

works from our group [52, 71].

Radial temperature distributions indicate a decrease in peak temperature and broadening
with axial distance reflecting radial diffusion and mixing. The radial location of the peak
temperature shifts towards the oxygen-enriched core flow with increased axial distance as
the O/F ratio decreases. The first measurement downstream of the fuel interface, at 12.7
mm (0.5 in.), most closely resembles the temperature profile measured at the PMMA surface
initial condition. For the first few axial distances, there is insufficient concentration of carbon
monoxide in the core flow (near r = 0) to obtain a reliable temperature measurement, thus
the profiles are not fully-resolved. Moving downstream, more CO has been produced and
has diffused into the core region such that local temperature can be calculated, albeit with
greater uncertainty than in the more fuel and product rich regions near the fuel surface. The

axial temperature decrease can also be attributed to increased distance from the PMMA
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Figure 7.7 Planar species and temperature measurements for PTFE combustion

along the radial dimension at different axial planes.
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Figure 7.8 Two-dimensional thermochemical structure in the near-surface reaction

layer of PTFE in an oxidizer cross-flow

pilot burner, and lower expected heat release of PTFE relative to PMMA.

The species measurements reflect an abundance of toxicant formation in the reaction
layer, with HF reaching localized mole fraction values above 30%, and CO mole fraction
peaking near 15%. In the bottom plot of Fig. 7.7, we observe a two phase evolution trend in
Xpyp. From the first to second measurement locations beyond the PMMA-PTFE interface
where the gas is hottest, spanning 12.7 - 25.4 mm, the peak concentration of HF increases
significantly and shifts about 0.5 mm towards the core. Beyond this point, however, we ob-
serve a decrease in peak HF concentration coupled with a rapid broadening across the radial
domain. The more concentrated peaks seen at shorter lengths appear to spread out from
their maxima a few millimeters inward of the fuel grain wall and distribute into the oxidizer

core flow, though the concentrations in the core remain relatively low (X<0.05) through-
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out the range of fuel lengths tested. Conversely, the high CO concentrations are largely
maintained with increasing axial distances, likely reflecting a balance of radial diffusion with
increasing CO formation with lower O/F. Throughout the full axial domain, encompassing
127 mm, the peak CO location moves gradually towards the core for a total variation of

approximately 1 mm.

7.4 Discussion/Analysis

The measured species and temperature results discussed in the prior section reflect radial and
axial variation of O/F as well as chemical reaction kinetics that compete with the transport
timescales. To assess the observed trends, a thermochemical equilibrium model and chemical
kinetics mechanism were used to simulate relevant conditions. Simulations were performed
using 0-D reactors in the Cantera toolbox, with hydrofluorocarbon thermodynamic data and

reaction rate parameters from Burgess et al. [158, 159].

7.4.1 Chemical equilibrium analysis

To estimate chemical equilibrium for PTFE combustion with the pilot PMMA burner, a
two-step simulation was performed. First a chemical equilibrium simulation of PMMA and
oxygen was used to attain product gas composition over a range of O/F reflecting the radial
variation of O/F at the PMMA-PTFE boundary. Second, PMMA-O, product gas was used
to prescribe the vitiated oxidizer initial conditions for PTFE combustion, using the TFE
monomer as the primary fuel. The final simulated product composition is presented here in
Figure 7.9 as a function of the experimental range of mass burn rates of PTFE, reflecting an
increase in axial distance and corresponding reduction in O/F, which is similarly expected in
radial variation moving towards the PTFE surface. The subplots show resulting composition
for different initial equivalence ratios of MMA /GOx, representative of the radially-varied ini-

tial conditions [168]. The final subplot of Figure 7.9 indicates the maximum temperature
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(for any O/F) expected at equilibrium based on the ratio of PTFE and PMMA mass con-
sumption rates at different axial distances, where as mprrpg — 0, the temperature would be
the maximum temperature for pure PMMA. The simulations presented here are intended to
provide a reference for the range of species concentration and temperatures measured in the

PTFE reaction layer.

Despite the relatively simplicity of the 0-D chemical equilibrium model, many of the
observed trends in measured temperature and species are consistent. The maximum mag-
nitude of HF mole fraction is simulated to be approximately 40% across the various initial
conditions, just higher than the maximum measured values. Notably, an initial spike in
HF, peaking at fuel mass flow rates between 0.1 and 0.2 g/s, is followed by a gradual decay.
This trend is reflected in the experimental data wherein the peak HF concentration increases
between 12.7 mm and 25.4 mm, followed by a steady decline over the sequential axial po-
sitions. The initial rise is HF corresponds with a decline in H,O, which is presumed the
dominant hydrogen-containing species in the vitiated oxidizer exiting the PMMA-O, pilot
burner. After HF peaks, the subsequent decline corresponds to a rise in atomic fluorine
and carbonyl fluoride, COF5, provided sufficient oxygen is present. The atomic fluorine and
COF, concentrations decline at more fuel rich conditions, which become dominated by CO
and CF,, along with diluted HF, pronounced in the most oxygen-deficient initial condition.
CO is predicted to form in large concentrations at most conditions. In comparison to the
experimental measurements, the equilibrium model estimates notably higher peak CO con-
centrations (~40%) in the fuel-rich regions by about a factor of 2. Some of the difference can
certainly be related to over-simplification of the model, but carbon predicted to form carbon
monoxide and other gaseous products may also disproportionately exist in solid carbon char

or particles.

The equilibrium temperature shown is the maximum value across the range of radial
fuel-lean to fuel-rich equivalence ratios for a given global balance of PTFE and PMMA mass

burn rates at each axial position. As mpprpg — 0, the maximum equilibrium tempera-
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ture approaches that of purely MMA /GOx combustion, approximately 3060K. Downstream,
further away from the PMMA fuel grain, the temperature decreases to a plateau of around
2350K which is slightly higher, but within uncertainty, compared to the experimentally mea-
sured temperatures downstream. Beyond the first 25.4 mm downstream, corresponding in
the model to m of approximately 0.2, the peak temperature stabilizes. These trends are
consistent with experimental data. The formation of HF is exothermic, however, the for-
mation, by way of fluorocarbon decomposition, of the F radical is endothermic. The effects
of the trade off in these fluorinated end product species is seen in the temperature trend.
As less hydrogen is available for F to abstract to form HF, F radical product concentration
increases and the equilibrium temperature decreases. The formation of COF, is similarly
endothermic, thus its concentration peaks also contribute to local lower temperatures in fuel

lean conditions where it is most present.

7.4.2 Reaction kinetics analysis

To better understand the reactions responsible for the observed trends in species and temper-
ature for PTFE combustion, a high-temperature chemical kinetic reaction pathway analysis
was performed. Key pathways from PTFE to CO and HF formation at 2500 K are shown
in Fig. 7.10. PTFE thermally decomposes at high temperatures (> 400°C) primarily into
the monomer, tetrafluoroeythylene (TFE), from which numerous reaction pathways exist
to form HF and CO as products by way of intermediate fluorocarbons, hydrofluorocarbons
(HFCs), and carbon oxofluorides (COFs). As mentioned, the PMMA combustion products
serve as the primary source of hydrogen, largely via water molecules, which is required in
the formation of HF. The case shown reflects the relative reaction contributions simulated
at an early time step of 2.5 us for equal mass contributions from PTFE and PMMA (the
pilot burner fuel) analogous to approximately 25.4 mm downstream of the PMMA /PTFE
interface. Here, the PMMA contribution is again represented by the product species re-

sulting from a prior equilibrium simulation of MMA /GOx where ¢ = 1. While the relative
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contributions towards the formation of HF and CO are dependent on the initial fuel-oxidizer
mixture and temperature, the case in Figure 7.10 was selected as it is representative of the
many major contributing pathways found across initial conditions and reactor progression

at combustion temperatures.

Beyond the initial depolymerization, TFE primarily decomposes into two difluoromethy-
lene (CF5) molecules, although some reacts to form difluoromethylide (CHF,) and carbonyl
fluoride (COF,). The magnitude of these alternate pathways is directly impacted by the
initial concentrations of H,O and O, available as dictated by the preliminary MMA combus-
tion equilibrium. The predominant pathways we observe here towards CO formation involve
the oxidation of CF, to produce the carbon oxofluorides, CFO and CH:FO, followed by de-
composition (see R3 and R4 below); the reaction following the latter species also produces
HF.

CF:O — CO + F (R3)

CHF:0 — CO + HF (R4)

Although the reaction rates (shown in kmol/m3s) resulting in CO are shown to be relatively
low compared to the pathways producing HF', this is largely due to the time step as the

formation of HF is relatively rapid compared to that of CO.

The fluorocarbons, HFCs, and COF's nearly all have direct reactions that produce HF;
however, the favored pathways consistently involve dissociation to produce the fluorine atom
from these molecules. Thereafter, the highly reactive fluorine radicals rapidly abstract hy-
drogen from water and react with the hydrogen molecules and radicals to produce HF, per
R5.

F + H,O — OH + HF (R5)

Numerous works have found, by way of modeling and experimental efforts, hydrogen fluoride
to be formed preferably over water as a final endpoint product for hydrogen [157]. This is due

to the relatively high electronegativity of fluorine and H-F bond strength, making it a more
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stable product of the two. In fact, provided there are sufficient fluorine atoms available, the
chemical model predicts that any water present will decompose and the hydrogen atoms will
react to form, as follows from the experimental HF trend and was noted in the equilibrium

simulation results above.

7.5 Conclusion

In this work, the burn characteristics and toxicant formation of polytetrafluoroethylene
(PTFE) combustion were examined using laser absorption tomography. Experiments were
conducted in a solid fuel combustion facility with gaseous oxygen cross-flow and a PMMA pi-
lot burner to emulate fire-like conditions. Radially-resolved temperature and species (CO and
HF) concentration profiles were obtained by inverting line-of-sight absorption measurements
across the fuel grain exit planes. Quantitative, two dimensional thermochemical images were
produced by compiling planar results from tests with varied fuel grain lengths. The data
were compared to chemical models for fluorocarbon thermal decomposition and combustion,
revealing similar trends to the experimental results and highlighting the underlying reaction
pathways responsible for some observations. The geometries, operating conditions, and ex-
perimental measurements of these experiments are detailed so that the data can serve as
validation targets for higher-fidelity models of toxicant formation and destruction in PTFE

combustion.
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CHAPTER 8

Conclusions and Future Research

The research detailed in this dissertation covers the experimental methods and tools devel-
oped and employed to gain insight into hybrid combustion of solid fuels with gaseous oxidizer
cross-flow. An axisymmetric solid fuel burner was used to facilitate 2D spectroscopic mea-
surements of species and temperature in the reacting boundary layer near the fuel surface.
This facility was adapted to accommodate varied flow rates, fuel types, and hybrid rocket
motor geometries. Combustion intermediate and product species specific to the fuels were
measured by pitching coherent laser light across the exit plane of the fuel grains to pho-
todetectors at wavelengths corresponding to species-specific absorption transitions in the
infrared. Laser absorption tomographic methods were employed to obtain spatially-resolved
images of temperature and mole fraction, enabling uniquely quantitative and granular insight
into the combustion physics. The data obtained from these experiments were compared to
relevant combustion models. Where large discrepancies existed between models and data, as
for (poly)methyl methacrylate, additional studies were performed and the chemical model

adapted to more closely reproduce the experimental datasets.

The included studies cover diagnostics and fuels selected for varied applications. Chapters
3 through 6 are focused on assessing PMMA /GOx combustion for hybrid rocket propulsion
performance, while Chapter 7 details an extension of the methods used for propulsion analysis
to study hybrid combustion of PTFE to improve toxicant predictions and develop useful
sensors for fire safety. It is envisioned that the data in this dissertation will continue to be

used to anchor and improve reacting flow models relevant to both hybrid rocket propulsion
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and fire safety. The sensors, experimental facilities, and analysis procedures can be used in

the future to study a wide range of solid fuels and IR-absorbing species across applications.

The solid fuel combustion facility developed for assessing hybrid rocket motors was first
applied to quantify effects of axial oxidizer injectors with varied port numbers as detailed in
Chapter 3. Two-dimensional spatially-resolved images of carbon monoxide, carbon dioxide,
water, and temperature provided one of the first quantitative measurements to compare to
and validate the theorized structure of axial injection into a hybrid rocket motor. Signifi-
cantly enhanced fuel regression and combustion progression was observed for injectors with
multiple ports, motivating further investigation into the potential performance improvements

that could be gain by novel injector geometries.

Chapter 4 discusses the next phase of hybrid rocket injector study. Aided by ANSYS
fluent cold-flow studies, two swirl injectors with varied angles were designed and manufac-
tured. Spatially-resolved thermochemical measurements again highlighted the large effect
that the oxidizer injector has on hybrid combustion . Enhancements in the fuel regression
and thermochemical progression were observed for a swirl injector with both a canted and
swirling angle; however, it was observed that much of the improvement from incipient swirl
generation is contained to regions near downstream of the oxidizer injection. Although the
aforementioned thermochemical images provided great insight into the combustion progres-
sion and the relative injector performance, a direct method was desired to quantify combus-
tion performance and efficiency within the typical rocket analysis parameters. In Chapter
5, a method for calculating spatially-resolved characteristic velocity, ¢*, from thermochemi-
cal laser absorption data is presented. The local measured product species are compared to
equilibrium simulations to infer a local equivalence ratio, from which local mixture molecular
weight can be estimated. The measured temperature and the estimated mixture weight can
be used to directly calculate the characteristic velocity. This method, compared to classi-
cal ¢* measurements that rely on global aggregate measurements, more directly reflects the

chemical-to-thermal energy conversion and highlights localized performance loss effects.
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Chapter 6 delves into the underlying reaction chemistry that contributes to the afore-
mentioned PMMA /GOx combustion performance results. Experiments of dilute methyl
methacrylate (the monomer of PMMA) thermal decomposition were conducted with a High
Enthalpy Shock Tube (HEST) facility. Time-resolved laser absorption spectroscopy mea-
surements of intermediate and product species were recorded over a range of temperatures
around atmospheric pressure. Sensitive reactions with high uncertainty in existing mecha-
nisms were selected and their rates modified via a genetic algorithm optimization procedure
anchored to the experimental data. The resulting updated chemical kinetic model can be
used to improve reacting flow models and performance predicts for hybrid rocket motors

using PMMA as a propellant.

In Chapter 7, similar laser absorption tomographic and experimental methods are uti-
lized to study polytetrafluoroethylene (PTFE), often referred to by the brand name Teflon.
Combustion of PTFE with PMMA as a pilot burner is analyzed via measurements of carbon
monoxide and the highly hazardous toxicant, hydrogen fluoride. The resulting thermo-
chemical measurements were used to validate kinetic models and provide crucial insight for

predicting toxicity of widely used synthetic fluoropolymers.

8.1 Current and future research directions

8.1.1 Hybrid rocket motor designs

Despite the cost, safety, and theoretical performance advantages of hybrid rocket, histori-
cally poor performance largely due to low-regression rate fuels has hindered the technological
maturity and scale of implementation compared to solid and liquid propellant rockets. How-
ever, in recent years, there has been a large renewed interest in hybrid rockets thanks, in
part, to development of novel higher regression-rate fuels and numerous research efforts. The
solid fuel combustion facility coupled with robust laser absorption tomography diagnostics,

as detailed in this dissertation, can help to advance the technological maturity by way of
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assessing chemical and physical engine factors that effect performance.

Subsequent studies can provide additional useful data for optimizing motor designs and
improving reacting flow models. Namely, experiments can be conducted to test the influence
of varied components such as additional oxidizer injectors, fuels, port diameters, and pre-

combustion chamber lengths on the combustion performance.

8.1.2 High-pressure hybrid combustion measurements

The measurements included in this dissertation have been conducted at atmospheric pressure;
however, a post-combustion chamber with optical access has been manufactured that can
enable similar thermochemical measurements at elevated pressures. This chamber has been
tested and validated for operation at pressures up to 20 atm, more representative of realistic
hybrid rocket operating chamber pressures. Figure 8.1 shows the components of the high
pressure chamber and an assembled view of the final assembled test facility. Further details

on the high pressure chamber are included in Appendix F.

8.1.3 Laser absorption imaging for hybrid combustion analysis

Despite the successful two-dimensional measurements discussed, there are alternative strate-
gies to obtain the same spatial-resolution that could potentially reduce uncertainty further
and extend resolution into the time domain as well. Advances in infra-red camera technology
have enabled quantitative measurements of many species with high spatial- and temporal-
resolution [53, 94]. The light sources could be pitched across the fuel grain exit planes as
in this work, but instead of relying on translating the light-of-sight, a concave lens beam
expander could be used to broaden the beam profiles to span the width of the reaction zone.
On the catch side, the transmitted light would be focused onto an IR-camera, with the pixel
array representative of the measurement spatial domain. Measurements could be recorded

at multiple times during the transient hot fire start up and steady burn to provide addi-
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Figure 8.1 Left: Diagram of test facility setup for hybrid combustion measurements
at elevated chamber pressures with optical access. Right: Assembled view of hybrid

rocket motor test facility

tional insight into the combustion performance. Expected limitations of this method include
the significantly higher equipment cost of an IR-camera and difficulty taking simultaneous

multi-species measurements on a single camera.

8.1.4 Fire-resistant fuel characterization

The solid fuel burner experiment used for studying polytetrafluoroethylene (PTFE) with a
PMMA pilot burner can be re-configured to obtain similar measurements of toxicant for-
mation resulting from hybrid combustion of other fire-resistant polymers. Those include
halogenated, inorganic, organophosphorus, and nitrogen-containing fire-retardent solid poly-

mers.
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8.1.5 Lithium-Ion Battery Fires

Lithium ion batteries are increasingly widespread, particularly so in modern electric vehicles.
They are selected for their high energy and power densities, long life span, and fast charging
capabilities; however, Li-ion batteries contain highly reactive and flammable materials that
have led to a number of unfavorable incidents in recent years [169]. Overheating of the
batteries can lead to exothermic reactions and thermal runaway with significant heat, fire,
and toxic gas emissions. A known resulting toxicant of particular concern is hydrogen fluoride
(HF). Some of the HF is known to form via decomposition of electrolytes containing LiPFg,
although this has been studied mainly at ambient temperature and under mild heating
conditions. There exists a lack of sufficient understanding of HF emissions from Li-Ion
batteries at high temperature relevant to electric vehicle fires [170]. Experimental toxicant
data in Li-Ion battery combustion and chemical kinetic models at relevant environmental
conditions will be essential for predicting hazard levels and mitigating harm due to HF
emissions. The sensor developed for measuring HF for fire toxicity applications as well as
the kinetic modeling approach discussed in Chapter 7 could be used to provide some of this

critically lacking information.

8.1.6 TFE Chemical Kinetics

Despite the adequate agreement in speciation results from the polytetrafluoroethylene (PTFE)
combustion experiments and kinetic modelling in Chapter 7, the discrepancy observed, par-
ticularly for carbon monoxide, is notable and motivates further work to ensure adequate
toxicity predictions from models. Improvements can be made by way of kinetic experimen-
tal studies and the subsequent modifying of reaction rate parameters in the chemical kinetic
mechanisms. Chapter 6 describes an approach for improving (poly)methyl methacrylate
models through shock-heated thermal decomposition experiments of the monomer methyl

methacrylate (MMA), the data from which was used to optimize the kinetic mechanism.
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Figure 8.2 Tesla Model S e-vehicle in the midst of an uncrolled lithium-ion battery
fire [12].

Similarly, modelling of PTFE combustion would benefit greatly from study of its monomer,
tetrafluoroethylene (TFE), through shock tube thermal decomposition and/or oxidation with
laser absorption spectroscopy diagnostics targeting multuple relevant intermediate and prod-
uct species, such as CFy, HF, COF5, CO, and CO,. The monomer TFE is gaseous at room
temperature and can be procured directly from many typical chemical distributors. Exper-
iments should be run at dilute concentrations of TFE to reduce uncertainty in post-shock

temperature and mitigate potential contamination and/or damage to the shock tube facility.
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APPENDIX A

Uncertainty analysis

In this paper, we implement a novel absorption spectroscopy method for quantitative mea-
surements of temperature and species mole fractions (CO, CO,, HyO) to evaluate the influ-
ence of injector design on hybrid rocket combustion performance. Additionally, we provide
experimental results for space-time averaged measurements of O/F, regression rate, and ox-
idizer mass flux. To facilitate comparison to computational models and other works, this
Appendix details experimental uncertainties associated with space-time averaged measure-
ments. For uncertainties in temperature and species mole fractions, the reader is referred to
a recent work from our research group [88, 53|, where similar spectroscopic techniques are

applied.

As in that work, unless otherwise noted, we follow a Taylor series method of uncertainty

propagation [101], in which the uncertainty of a variable r, Ar, is given by:

2 2
0 0
1 2

where x; are dependent variables and Axz; are their associated uncertainties.

A.1 O/F uncertainty

The reported values for space-time averaged O/F were obtained through oxidizer and fuel
mass flow rate measurements, 7, [kg/s|] and 7 [kg/s], respectively, as shown in Eq. 3.6.
In this study, oxidizer mass flow rate was measured and regulated using a choked orifice
and was kept constant throughout the hot-fire experiments. With knowledge of the sonic

orifice area, A, [m?], the discharge coefficient, Cyq, and the upstream pressure, P [Pa], and
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temperature, T' [K], 7,, can be calculated using the equation for choked flow:
_ ACyP

e a2

where v and R [J/kg-K] are the specific heat ratio and gas constant of the oxidizer, re-

mO.’E

spectively. Space-time averaged fuel mass flow rate was obtained by measuring the total

consumed fuel mass, AM; [kg], and the total burn time, ¢, [s]:

- AM;
mf = tb

(A.3)

The uncertainty in O/F is then be determined by applying Eq. A.1 to Eqgs. 3.6-A.3,

oy ey ey
) () (e

Evaluating the experimental uncertainties of all the contributing dependent variables in

which results in:

Eq. A.4 results in a total O/F uncertainty of 4.56%. A visual summary of the individual

[%]

Figure A.1 Representative experimental uncertainties contributing to the overall

uncertainty in the reported O/F values in Table 7.1
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contributions is shown in Fig. A.1. The three major contributors were found to be the
uncertainty in the total burn time, ¢;, the total consumed fuel mass, AMy, and the orifice
discharge coefficient, Cy, which, respectively, make up 2.90%, 2.53%, and 2.11% of the
total uncertainty. The uncertainties in ¢, and AM; primarily result from errors inherent
to the measurement devices. Cy and ACyq were determined through a least-squares linear
regression fit of Eq. A.2. The remaining uncertainties in O/F are due to contributions
from uncertainties in pressure, P, temperature, T', and orifice area, A,, which, respectively,
make up 0.38%, 0.37%, and 0.05% of the total uncertainty. Pressure and temperature were
measured using a pressure transducer (Setra 225G) with an accuracy of £0.25% of the full
scale (100 psia) and a K-type thermocouple with an uncertainty of +0.75%, respectively.
The diameter of the choked orifice was measured using precision plug gauges to within 0.001

in., which was used to determine A, and AA,.

[%]

Figure A.2 Representative experimental uncertainties contributing to the overall

uncertainty in the reported 7 values in Table 7.1

164



A.2 Regression rate uncertainty

Space-time averaged regression rates, 7 [mm/s|, are measured using the methods developed

by Karabeyoglu et al. [65] as shown in Eq. 4.6. Uncertainties in the reported 7 values are
found by applying Eq. A.1 to Eq. 4.6, which results in:

_\ 2 _ _ 2
AT D; \ AD; D; \ AD; Aty
— | ==L )= = — A.
( r ) <2tb7'"> D, | © [(2@,&) D, | * ( t ) (A.5)

As seen in Eq. A.5, the regression rate uncertainty is primarily composed of contributions

2

from the associated errors in the average final port diameter, D t, the initial port diameter, D,
and the total burn time, ¢,. The initial port diameter for each fuel grain was measured within
0.05 mm prior to any hot-fire experiments, resulting in an uncertainty of AD;/D; = 0.39%
due to the measurement device. Similarly, the measurement device uncertainty in total burn
time is Aty /t, = 2.90%, as discussed in Sec. A.1. In order to determine the uncertainty
contribution of D in the regression rate, the individual uncertainty contributions of Dy

must first be evaluated using Eq. 4.8. This results in an expression for AD/D; given by:
_ o\ 2 2 9 9 9
ADf . 4AMf A(AMf) i Apf i ALf
Dy ) \2rD}Lyps AMy Py Ly

2 2
n D;\“"AD,
b,;) D

To minimize the uncertainty in the average final port diameter and, ultimately, in the re-

(A.6)

gression rate, the density of the PMMA stock, p;, was measured prior to manufacturing and
the length of each fuel grain was measured post-manufacturing. This results in a density un-
certainty of Aps/py = 0.42% and a fuel-grain length uncertainty of ALy/L; = 0.16%. The
overall uncertainty in the average final port diameter is AD;/D; = 0.47%. The uncertainty
contributions to D; are then propagated into the measured uncertainty in regression rate
through Eq. A.5, resulting in a total 7 uncertainty of 4.94%. The contributions to both Dy

and 7 are illustrated in Fig. A.2.
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A.3 Oxidizer mass flux uncertainty

Similar to the preceding sections, the uncertainty in the reported space-time averaged oxi-

dizer mass flux, Gy, [kg/m?s], measurements can be evaluated through Eq. 3.4:

AGy\" _ (B [(_2Di \aD,
éox B mow Dz"‘Df Dz

N 2D; \ ADy
D;+D;) Dy

2

, (A7)

This results in a total oxidizer mass flux uncertainty of AG,, / Gow = 2.27% with the primary

contributor being the error in oxidizer mass flow rate. A, /1., was calculated to be 2.17%

through Eq. A.2 and AD;/Di and AD;/D; were 0.39% and 0.47%, respectively, as discussed

in the previous sections. The individual contributions resulting in the total oxidizer mass

flux uncertainty are summarized in Fig. A.3.

>
|

[%]

2.5

Figure A.3 Representative experimental uncertainties contributing to the overall

uncertainty in the reported G,, values in Table 7.1
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Grid | Max. SOI'1 SOI 2 SOI 3 Total Total Max. Inlet Pres-
Axial sure
Velocity
no. | size [m] min. size | min. size | min. size | elements | nodes [m/s] [Pa]
[m] [m] [m]
Single-port injector
1 6.0x1073 | 4.0x107% | 1.0x 1073 | - 60,000 25,000 66.2 1.038 x 10°
2 3.0x1073 | 23x1073 | 9.0x107* | - 130,000 55,000 55.8 1.021 x 10°
3 1.5x1072 | 1.0x 1073 | 8.0x 107 | - 270,000 100,000 53.5 1.020 x 10°
Axial showerhead injector
1 1x107% | 1x10% [9x107* |7.0x10~* | 110,000 45,000 106 1.978 x 10°
2 1x107% | 9x107* | 7.5x10~* | 4.0x10* | 225000 | 100,000 | 82.4 1.814 x 10
3 1x107% | 8x107% | 45x107%|2.0x107* | 450,000 140,000 80.0 1.772 x 10°

Table A.1 Details of mesh convergence study for CFD cold-flow analysis
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Figure B.1 Planar thermochemistry measurements for PMMA /GOx combustion

at 25.4 and 38.1 mm using a single—portlﬁﬂector geometry
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171



TIK

101.6 mm

0.4 F|—FH0 101.6 mm |

114.3 mm 0.4 H|—FH0 114.3 mm -
3000 . —-co
—1-cCo,
0.3} 1
2500
-
0.2} 1
2000
r
0.1} h
1500 ]
L L L L L L 0 L L L L L L
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
r [mm] r [mm]

Figure B.4 Planar thermochemistry measurements for PMMA /GOx combustion

at 101.6 and 114.3 mm using a single-port injector geometry

172



127.0 mm 0.4 | —FH0 127.0 mm -
3000

2500

TIK]

2000

1500

139.7 mm 0.4 | —FH0 139.7 mm -
3000

2500

TIK]

2000

1500

Figure B.5 Planar thermochemistry measurements for PMMA /GOx combustion

at 127.0 and 139.7 mm using a single-port injector geometry
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Figure B.6 Planar thermochemistry measurements for PMMA /GOx combustion

at 25.4, 38.1, 50.8, and 63.5 mm using an axial showerhead injector geometry
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Figure B.7 Planar thermochemistry measurements for PMMA /GOx combustion

at 76.2, 88.9, 101.6, and 114.3 mm using an axial showerhead injector geometry
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APPENDIX C

CFD mesh convergence study

A mesh convergence study was done on the fluid domain of each injector. The minimal
acceptable residual value for convergence of simulations was 1 x 107%, required for axial,
swirl, and tangential velocity directions. A relatively coarse mesh element size was used as
the base for each grid, which was then refined using two or three separate spheres of influence
(SOI) with varied radii and element size. The spheres’ centers were placed at the interface of
the injector and pre-combustion chamber. The radii used were 3.5x 1072 m and 1.5x 1072 m
for SOI 1 and SOI 2 for the single-port injector study. For the showerhead injector, the radii
for SOI 1, 2, and 3 were 3.5 x 1072 m, 2 x 1072 m, and 4 x 1073, respectively. The elements
within these spheres were refined by decreasing the element sizes such that the total number
of elements increased by approximately a factor of 2 for each consecutive mesh study, as is

common for such studies.

This was repeated until the resulting maximum axial (y-component) velocity in the core
flow on the injector outlet plane converged reasonably. We looked for convergence by quan-
tifying the error in two values of interest as the difference between the result from a given
grid and the result from the most refined grid studied. Specifically, we looked to see a 5% or
lesser change in velocity between results from a mesh to this fine mesh. Similarly, the inlet
pressure was also recorded and looked to for a maximum 5% change. This pressure result
can additionally be compared to the pressure upstream of the injector that was measured
experimentally with a digital pressure gauge during cold-flow tests conducted in the test

rig setup with both injector geometries (shown by the dashed line in Fig. C.1). All values
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presented are absolute pressures.

Details on the progression of the grid refining results are shown in Table A.1 and Fig.
C.1. Both the second mesh of medium coarseness (grid no. 2) and the most refined mesh
(grid no. 3) for the single-port injector showed similar velocity and inlet pressure values.
The resulting velocity and pressure of interest errors were 2.3 m/s (a 4.1% difference from
the fine grid solution) and 1860 Pa (1.8% error), respectively, between the grid no. 2 and
grid no. 3 simulations. Thus, this third grid with 270,000 elements and 100,000 nodes was
deemed sufficient and used for the presented CFD results. For the axial showerhead injector,
the error between the grid no. 2 and grid no. 3 mesh results for maximum core axial velocity
(2.4 m/s or 3.0% error) and inlet pressure (4000 Pa or 2.4% error) were sufficient. Thus,
grid no. 3 with 450,000 elements and 140,000 nodes was used for the showerhead analysis.
The grid no. 3 pressure results for both injectors deviated from the experimentally measured

pressure by less than 0.1%.

For completeness, after the mesh convergence study, the simulations were also conducted
with a pressure inlet boundary condition using the experimentally measured upstream pres-
sures to verify that the resulting oxidizer mass flow rate was consistent with the known value

of 1.2 g/s.
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most fine grid results are shown (right)
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APPENDIX D

Fuel: Supplementary Material

D.1 Sample spectral data
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181



= —- Dakshnamurthy et al. » —- Dakshnamurthy et al.
0.05 —= Modified 0.025 —= Modified
[ ] —— Yang et al. i — Yang et al.
0.04 0.020
=4
13 o
g £
[ © 1
Soo03 & 0025
2 3
2 s
=
o £ 0.010
© 0.02 s -
0.005
0.01
| ] . .
[ = 0.000
0 1 2 3 4 5 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Distance (mm) Distance (mm)
a) b)
- n —- Dakshnamurthy et al.
- — 0.0040 - == Modified
0.12 — Yang et al.
0.0035
0.10 0.0030
c L}
s 2
B 9 0.0025
© 0.08 =
= o n
g 3 0.0020
N o
S 0-06 & 0.0015
o 5
0.0010
0.04 Z
0.0005
—- Dakshnamurthy et al.
~ = Modified
0.02m — Yangetal. 0.0000
0 1 2 3 4 5 6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Distance (mm) Distance (mm)

c) d)

=+ Dakshnamurthy et al. —- Dakshnamurthy et al.
0.0012 == Modified == Modified
— Yang et al. —— Yang et al.

0.0010
< s
-2 0.0008 5
o] %)
o o
g w

[}
2 0.0006 s
2 =
0

z =
O 0.0004 ]

0.0002 -

-
-
0.0000
0.00 0.25 0.50 0.75 1.00 125 1.50 175 2.00

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 Distance (mm)
Distance (mm)

e) f)

Figure D.2 Comparison of simulated species profiles in a pre-mixed laminar flame
at atmospheric pressure for the existing and modified mechanisms. Symbols repre-

sent the experimental speciation data from [23].
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APPENDIX E

MMA Mechanism

This section includes the kinetic model for MMA combustion referenced in Chapter 6. The
mechanism, assembled in the “yaml’ format for intended use with Cantera, includes ther-
mochemical properties and reactions from Dakshnamurthy et al. with the updated rate

parameters from the optimization procedure discussed [11].

units: length: cm, quantity: mol, activation-energy: cal/mol

phases:
- name: gas
thermo: ideal-gas
elements: [N, Ar, He, H, 0, C]
species: [N2, AR, HE, H, 02, 0, OH, H2, H20, HO2, H202, CO, C02, HCO,
C, CH, TXCH2, CH3, CH20, HCCO, C2H, CH2CO, C2H2, SXCH2, CH30H, CH20H,
CH30, CH4, CH302, C2H3, C2H4, C2H5, HCCOH, CH2CHO, CH3CHO, H2C2, C2H50,
NXC3H7, C2H6, C3H8, C3H6, C3H3, PXC3H4, AXC3H4, SXC3H5, NXC4H3, C2H3CHO,
AXC3H5, C20, C4H4, CH30CO, C3H2, C3H20, C4H2, IXC4H3, TXC3H5, C3H50,
C4H, C8H2, C6H2, C4H6, NXC4H5, IXC4H5, A1XC6H6, C4H7, C4H70, PXC4HS,
IXC3H7, HOCHO, C4H8X2, CH3CHCO, CH3COCH2, C2H402H, C2H3CHOCH2, C4H6023,
SXC3H5CHO, C2H3CHCHO, CH3CO, CH3COCH3, IXC3H5CO, CH3CHCHCHO, MP2D, MP2J,
MP3J, MMETHMJ, MMETHVJ, MMETHAC, MMETHPJ]
kinetics: gas
reactions: all
transport: mixture-averaged
state:

T: 300.0
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P: 1.01325e+05

species:
- name: N2
composition: N: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.298677, 1.40824e-03, -3.963222e-06, 5.641515e-09, -2.444855e-12,
-1020.9, 3.950372]
- [2.92664, 1.487977e-03, -5.684761e-07, 1.009704e-10, -6.753351e-15,
-922.7977, 5.980528]
transport:
model: gas
geometry: linear
diameter: 3.621
well-depth: 97.53
polarizability: 1.76
rotational-relaxation: 4.0
note: '121286'
- name: AR
composition: Ar: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.5, 0.0, 0.0, 0.0, 0.0, -745.375, 4.366001]
- [2.5, 0.0, 0.0, 0.0, 0.0, -745.375, 4.366001]
transport:
model: gas
geometry: atom

diameter: 3.33
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well-depth: 136.5
note: '120186'
- name: HE
composition: He: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.5, 0.0, 0.0, 0.0, 0.0, -745.375, 0.9153488]
- [2.5, 0.0, 0.0, 0.0, 0.0, -745.375, 0.9153489]
transport:
model: gas
geometry: atom
diameter: 2.576
well-depth: 10.2
note: '120186'
- name: H
composition: H: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.5, 0.0, 0.0, 0.0, 0.0, 2.547163e+04, -0.4601176]
- [2.5, 0.0, 0.0, 0.0, 0.0, 2.547163e+04, -0.4601176]
transport:
model: gas
geometry: atom
diameter: 2.05
well-depth: 145.0
note: '120186'
- name: 02
composition: 0: 2

thermo:
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model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.212936, 1.127486e-03, -5.75615e-07, 1.313877e-09, -8.768554e-13,
-1005.249, 6.034738]
- [3.697578, 6.135197e-04, -1.258842e-07, 1.775281e-11, -1.136435e-15,
-1233.93, 3.189166]
transport:
model: gas
geometry: linear
diameter: 3.458
well-depth: 107.4
polarizability: 1.6
rotational-relaxation: 3.8
note: '121386'
name: 0
composition: 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.946429, -1.638166e-03, 2.421032e-06, -1.602843e-09, 3.890696e-13,
2.914764e+04, 2.963995]
- [2.54206, -2.755062e-05, -3.102803e-09, 4.551067e-12, -4.368052e-16,
2.92308e+04, 4.920308]
transport:
model: gas
geometry: atom
diameter: 2.75
well-depth: 80.0
note: '120186'
name: OH

composition: H: 1, 0: 1
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thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [4.12530561, -3.22544939e-03, 6.52764691e-06, -5.79853643e-09, 2.06237379e-12,
3346.30913, -0.69043296]
- [2.86472886, 1.05650448e-03, -2.59082758e-07, 3.05218674e-11, -1.33195876e-15,
3683.62875, 5.70164073]
transport:
model: gas
geometry: linear
diameter: 2.75
well-depth: 80.0
note: S9/01
- name: H2
composition: H: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.298124, 8.249442e-04, -8.143015e-07, -9.475434e-11, 4.134872e-13,
-1012.521, -3.294094]
- [2.991423, 7.000644e-04, -5.633829e-08, -9.231578e-12, 1.582752e-15,
-835.034, -1.35511]
transport:
model: gas
geometry: linear
diameter: 2.92
well-depth: 38.0
polarizability: 0.79
rotational-relaxation: 280.0
note: '121286'

- name: H20
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composition: H: 2, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.386842, 3.474982e-03, -6.354696e-06, 6.968581e-09, -2.506588e-12,
-3.020811e+04, 2.590233]
- [2.672146, 3.056293e-03, -8.73026e-07, 1.200996e-10, -6.391618e-15,
-2.989921e+04, 6.862817]
transport:
model: gas
geometry: nonlinear
diameter: 2.605
well-depth: 572.4
dipole: 1.844
rotational-relaxation: 4.0
note: '20387'
- name: HO2
composition: H: 1, 0: 2
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [4.30179801, -4.74912051e-03, 2.11582891e-05, -2.42763894e-08, 9.29225124e-12,
294.80804, 3.71666245]
- [4.0172109, 2.23982013e-03, -6.3365815e-07, 1.1424637e-10, -1.07908535e-14,
111.856713, 3.78510215]
transport:
model: gas
geometry: nonlinear
diameter: 3.458
well-depth: 107.4

rotational-relaxation: 1.0
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note: L5/89
- name: H202
composition: H: 2, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.388754, 6.569226e-03, -1.485013e-07, -4.625806e-09, 2.471515e-12,
-1.766315e+04, 6.785363]
- [4.573167, 4.336136e-03, -1.474689e-06, 2.348904e-10, -1.431654e-14,
-1.800696e+04, 0.501137]
transport:
model: gas
geometry: nonlinear
diameter: 3.458
well-depth: 107.4
rotational-relaxation: 3.8
note: '120186'
- name: CO
composition: C: 1, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.262452, 1.511941e-03, -3.881755e-06, 5.581944e-09, -2.474951e-12,
-1.431054e+04, 4.848897]
- [3.025078, 1.442689e-03, -5.630828e-07, 1.018581e-10, -6.910952e-15,
-1.426835e+04, 6.108218]
transport:
model: gas
geometry: linear
diameter: 3.65

well-depth: 98.1
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polarizability: 1.95
rotational-relaxation: 1.8
note: '121286'
- name: C02
composition: C: 1, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.275725, 9.922072e-03, -1.040911e-05, 6.866687e-09, -2.11728e-12,
-4.837314e+04, 10.18849]
- [4.453623, 3.140169e-03, -1.278411e-06, 2.393997e-10, -1.669033e-14,
-4.896696e+04, -0.9553959]
transport:
model: gas
geometry: linear
diameter: 3.763
well-depth: 244.0
polarizability: 2.65
rotational-relaxation: 2.1
note: '121286'
- name: HCO
composition: C: 1, H: 1, 0: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [4.22118584, -3.24392532e-03, 1.37799446e-05, -1.33144093e-08, 4.33768865e-12,
3839.56496, 3.39437243]
- [2.77217438, 4.95695526e-03, -2.48445613e-06, 5.89161778e-10, -5.33508711e-14,
4011.91815, 9.79834492]
transport:

model: gas
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geometry: nonlinear
diameter: 3.59
well-depth: 498.0
note: L12/89
- name: C
composition: C: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [2.55423955, -3.21537724e-04, 7.33792245e-07, -7.32234889e-10, 2.66521446e-13,
8.54438832e+04, 4.53130848]
- [2.49266888, 4.79889284e-05, -7.2433502e-08, 3.74291029e-11, -4.87277893e-15,
8.54512953e+04, 4.80150373]
transport:
model: gas
geometry: atom
diameter: 3.298
well-depth: 71.4
note: L11/88
- name: CH
composition: C: 1, H: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [3.48981665, 3.23835541e-04, -1.68899065e-06, 3.16217327e-09, -1.40609067e-12,
7.07972934e+04, 2.08401108]
- [2.87846473, 9.70913681e-04, 1.44445655e-07, -1.30687849e-10, 1.76079383e-14,
7.10124364e+04, 5.48497999]
transport:
model: gas

geometry: linear
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diameter: 2.75
well-depth: 80.0
note: TPIS79
- name: TXCH2
composition: C: 1, H: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.76267867, 9.68872143e-04, 2.79489841e-06, -3.85091153e-09, 1.68741719e-12,
4.60040401e+04, 1.56253185]
- [2.87410113, 3.65639292e-03, -1.40894597e-06, 2.60179549e-10, -1.87727567e-14,
4.6263604e+04, 6.17119324]
transport:
model: gas
geometry: linear
diameter: 3.8
well-depth: 144.0
note: '000000'
- name: CH3
composition: C: 1, H: 3
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [3.6571797, 2.1265979e-03, 5.4583883e-06, -6.6181003e-09, 2.4657074e-12,
1.6422716e+04, 1.6735354]
- [2.9781206, 5.797852e-03, -1.97558e-06, 3.072979e-10, -1.7917416e-14,
1.6509513e+04, 4.7224799]
transport:
model: gas
geometry: linear

diameter: 3.8
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well-depth: 144.0
note: METHYLIUO0702
- name: CH20
composition: C: 1, H: 2, 0: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [4.79372315, -9.90833369e-03, 3.73220008e-05, -3.79285261e-08, 1.31772652e-11,
-1.43089567e+04, 0.6028129]
- [1.76069008, 9.20000082e-03, -4.42258813e-06, 1.00641212e-09, -8.8385564e-14,
-1.39958323e+04, 13.656323]
transport:
model: gas
geometry: nonlinear
diameter: 3.59
well-depth: 498.0
rotational-relaxation: 2.0
note: L8/88
- name: HCCO
composition: C: 2, H: 1, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 4000.0]
data:
- [2.2517214, 0.017655021, -2.3729101e-05, 1.7275759e-08, -5.0664811e-12,
2.0059449e+04, 12.490417]
- [5.6282058, 4.0853401e-03, -1.5934547e-06, 2.8626052e-10, -1.9407832e-14,
1.9327215e+04, -3.9302595]
transport:
model: gas
geometry: nonlinear

diameter: 2.5
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well-depth: 150.0
rotational-relaxation: 1.0
note: SRICI91
- name: C2H
composition: C: 2, H: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [2.88965733, 0.0134099611, -2.84769501e-05, 2.94791045e-08, -1.09331511le-11,
6.68393932e+04, 6.22296438]
- [3.16780652, 4.75221902e-03, -1.83787077e-06, 3.04190252e-10, -1.7723277e-14,
6.7121065e+04, 6.63589475]
transport:
model: gas
geometry: linear
diameter: 4.1
well-depth: 209.0
rotational-relaxation: 2.5
note: L1/91
- name: CH2CO
composition: C: 2, H: 2, 0: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [2.1358363, 0.0181188721, -1.73947474e-05, 9.34397568e-09, -2.01457615e-12,
-7042.91804, 12.215648]
- [4.51129732, 9.00359745e-03, -4.16939635e-06, 9.23345882e-10, -7.94838201e-14,
-7551.05311, 0.632247205]
transport:
model: gas

geometry: nonlinear
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diameter: 3.97
well-depth: 436.0
rotational-relaxation: 2.0
note: L5/90
- name: C2H2
composition: C: 2, H: 2
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [0.808681094, 0.0233615629, -3.55171815e-05, 2.80152437e-08, -8.50072974e-12,
2.64289807e+04, 13.9397051]
- [4.14756964, 5.96166664e-03, -2.37294852e-06, 4.67412171e-10, -3.61235213e-14,
2.59359992e+04, -1.23028121]
transport:
model: gas
geometry: linear
diameter: 4.1
well-depth: 209.0
rotational-relaxation: 2.5
note: L1/91
- name: SXCH2
composition: C: 1, H: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [4.19860411, -2.36661419e-03, 8.2329622e-06, -6.68815981e-09, 1.94314737e-12,
5.04968163e+04, -0.769118967]
- [2.29203842, 4.65588637e-03, -2.01191947e-06, 4.17906e-10, -3.39716365e-14,
5.09259997e+04, 8.62650169]
transport:

model: gas

196



geometry: linear
diameter: 3.8
well-depth: 144.0
note: '000000'
- name: CH30H
composition: C: 1, H: 4, 0: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [5.71539582, -0.0152309129, 6.52441155e-05, -7.10806889e-08, 2.61352698e-11,
-2.56427656e+04, -1.50409823]
- [1.78970791, 0.0140938292, -6.36500835e-06, 1.38171085e-09, -1.1706022e-13,
-2.53748747e+04, 14.5023623]
transport:
model: gas
geometry: nonlinear
diameter: 3.626
well-depth: 481.8
rotational-relaxation: 1.0
note: L8/88
- name: CH20H
composition: C: 1, H: 3, 0: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [3.86388918, 5.59672304e-03, 5.93271791e-06, -1.04532012e-08, 4.36967278e-12,
-3193.91367, 5.47302243]
- [3.69266569, 8.64576797e-03, -3.7510112e-06, 7.87234636e-10, -6.48554201e-14,
-3242.50627, 5.81043215]
transport:

model: gas
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geometry: nonlinear
diameter: 3.69
well-depth: 417.0
dipole: 1.7
rotational-relaxation: 2.0
note: GUNL93
- name: CH30
composition: C: 1, H: 3, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [2.106204, 7.216595e-03, 5.338472e-06, -7.377636e-09, 2.07561e-12,
978.6011, 13.152177]
- [3.770799, 7.871497e-03, -2.656384e-06, 3.944431e-10, -2.112616e-14,
127.83252, 2.929575]
transport:
model: gas
geometry: nonlinear
diameter: 3.69
well-depth: 417.0
dipole: 1.7
rotational-relaxation: 2.0
note: '121686'
- name: CH4
composition: C: 1, H: 4
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [5.14911468, -0.0136622009, 4.91453921e-05, -4.84246767e-08, 1.66603441e-11,
-1.02465983e+04, -4.63848842]
- [1.65326226, 0.0100263099, -3.31661238e-06, 5.36483138e-10, -3.14696758e-14,
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-1.00095936e+04, 9.90506283]
transport:
model: gas
geometry: nonlinear
diameter: 3.746
well-depth: 141.4
polarizability: 2.6
rotational-relaxation: 13.0
note: g8/99
- name: CH302
composition: C: 1, H: 3, 0: 2
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [4.76597792, -3.51077148e-03, 4.54394152e-05, -5.66763729e-08, 2.21591482e-11,
-482.401289, 4.76095141]
- [5.92505819, 9.00194542e-03, -3.24254309e-06, 5.24362718e-10, -3.14263003e-14,
-1532.58958, -4.93669747]
transport:
model: gas
geometry: nonlinear
diameter: 3.626
well-depth: 481.8
rotational-relaxation: 1.0
note: PEROXYMETHT04/02
- name: C2H3
composition: C: 2, H: 3
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:

- [3.21246645, 1.51479162e-03, 2.59209412e-05, -3.57657847e-08, 1.47150873e-11,
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3.48598468e+04, 8.51054025]
- [3.016724, 0.0103302292, -4.68082349e-06, 1.01763288e-09, -8.62607041e-14,
3.46128739e+04, 7.78732378]
transport:
model: gas
geometry: nonlinear
diameter: 4.1
well-depth: 209.0
rotational-relaxation: 1.0
note: L2/92
- name: C2H4
composition: C: 2, H: 4
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [3.95920148, -7.57052247e-03, 5.70990292e-05, -6.91588753e-08, 2.69884373e-11,
5089.77593, 4.09733096]
- [2.03611116, 0.0146454151, -6.71077915e-06, 1.47222923e-09, -1.25706061e-13,
4939.88614, 10.3053693]
transport:
model: gas
geometry: nonlinear
diameter: 3.971
well-depth: 280.8
rotational-relaxation: 1.5
note: L1/91
- name: C2H5
composition: C: 2, H: 5
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]

data:
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- [4.30646568, -4.18658892e-03, 4.97142807e-05, -5.99126606e-08, 2.30509004e-11,
1.28416265e+04, 4.70720924]
- [1.95465642, 0.0173972722, -7.98206668e-06, 1.75217689e-09, -1.49641576e-13,
1.285752e+04, 13.4624343]
transport:
model: gas
geometry: nonlinear
diameter: 4.302
well-depth: 252.3
rotational-relaxation: 1.5
note: L12/92
- name: HCCOH
composition: C: 2, H: 2, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.2423733, 0.031072201, -5.0866864e-05, 4.3137131e-08, -1.4014594e-11,
8031.6143, 13.874319]
- [5.9238291, 6.79236e-03, -2.5658564e-06, 4.4987841e-10, -2.9940101e-14,
7264.626, -7.6017742]
transport:
model: gas
geometry: nonlinear
diameter: 3.97
well-depth: 436.0
rotational-relaxation: 2.0
note: SRIO1
- name: CH2CHO
composition: C: 2, H: 3, 0: 1
thermo:
model: NASA7

temperature-ranges: [300.0, 1000.0, 3000.0]
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data:
- [1.09685733, 0.0220228796, -1.44583444e-05, 3.00779578e-09, 6.08992877e-13,
1069.43322, 19.0094813]
- [2.42606357, 0.0172400021, -9.77132119e-06, 2.66555672e-09, -2.82120078e-13,
833.10699, 12.6038737]
transport:
model: gas
geometry: nonlinear
diameter: 3.97
well-depth: 436.0
rotational-relaxation: 2.0
note: G3B3
- name: CH3CHO
composition: C: 2, H: 4, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [1.40653856, 0.0216984438, -1.47573265e-05, 7.30435478e-09, -2.09119467e-12,
-2.17973223e+04, 17.7513265]
- [2.68543112, 0.0176802373, -8.65402739e-06, 2.03680589e-09, -1.87630935e-13,
-2.21653701e+04, 11.1635653]
transport:
model: gas
geometry: nonlinear
diameter: 3.97
well-depth: 436.0
rotational-relaxation: 2.0
note: G3B3
- name: H2C2
composition: C: 2, H: 2
thermo:

model: NASA7
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temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [3.2815483, 6.9764791e-03, -2.3855244e-06, -1.2104432e-09, 9.8189545e-13,
4.8621794e+04, 5.920391]
- [4.278034, 4.7562804e-03, -1.6301009e-06, 2.5462806e-10, -1.4886379e-14,
4.8316688e+04, 0.64023701]
transport:
model: gas
geometry: nonlinear
diameter: 4.1
well-depth: 209.0
rotational-relaxation: 2.5
note: L12/89
- name: C2H50
composition: C: 2, H: 5, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.494420708, 0.0271774434, -1.6590901e-05, 5.152042e-09, -6.48496915e-13,
-3352.52925, 22.8079378]
- [2.46262349, 0.0209503959, -9.3929175e-06, 1.56440627e-09, 0.0, -3839.32658,
12.8738847]
transport:
model: gas
geometry: nonlinear
diameter: 4.41
well-depth: 470.6
rotational-relaxation: 1.5
- name: NXC3H7
composition: C: 3, H: 7
thermo:

model: NASA7
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temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.0475473, 0.026007794, 2.3562252e-06, -1.9592317e-08, 9.3680116e-12,
1.0632637e+04, 21.141876]
- [7.7040405, 0.01604154, -5.2815967e-06, 7.6254403e-10, -3.9353462e-14,
8297.9531, -15.487514]
transport:
model: gas
geometry: nonlinear
diameter: 4.982
well-depth: 266.8
rotational-relaxation: 1.0
note: '000000'
- name: C2H6
composition: C: 2, H: 6
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 3500.0]
data:
- [4.29142492, -5.5015427e-03, 5.99438288e-05, -7.08466285e-08, 2.68685771e-11,
-1.15222055e+04, 2.66682316]
- [1.0718815, 0.0216852677, -1.00256067e-05, 2.21412001e-09, -1.9000289e-13,
-1.14263932e+04, 15.1156107]
transport:
model: gas
geometry: nonlinear
diameter: 4.302
well-depth: 252.3
rotational-relaxation: 1.5
note: L8/88
- name: C3H8
composition: C: 3, H: 8

thermo:
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model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.93355381, 0.026424579, 6.1059727e-06, -2.1977499e-08, 9.5149253e-12,
-1.395852e+04, 19.201691]
- [7.5341368, 0.018872239, -6.2718491e-06, 9.1475649e-10, -4.7838069e-14,
-1.6467516e+04, -17.892349]
transport:
model: gas
geometry: nonlinear
diameter: 4.982
well-depth: 266.8
rotational-relaxation: 1.0
note: L4/85
- name: C3H6
composition: C: 3, H: 6
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [-2.2926167e-03, 0.0310261065, -1.67151548e-05, 1.8959417e-09, 1.24957915e-12,
1134.37406, 23.5719601]
- [0.471697982, 0.028951307, -1.56601819e-05, 4.11443199e-09, -4.23075141e-13,
1126.03387, 21.5237289]
transport:
model: gas
geometry: nonlinear
diameter: 4.982
well-depth: 266.8
rotational-relaxation: 1.0
note: G3B3
- name: C3H3

composition: C: 3, H: 3
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thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [1.40299238, 0.0301773327, -3.98449373e-05, 2.93534629e-08, -8.70554579e-12,
3.9310822e+04, 15.1527845]
- [6.14915291, 9.34063166e-03, -3.75055354e-06, 6.90156316e-10, -4.60824994e-14,
3.83854848e+04, -7.45345215]
transport:
model: gas
geometry: nonlinear
diameter: 4.76
well-depth: 252.0
rotational-relaxation: 1.0
note: G3B3
- name: PXC3H4
composition: C: 3, H: 4
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.46175323, 0.0246026602, -1.90219395e-05, 8.60363422e-09, -1.6672924e-12,
2.09209793e+04, 14.9262585]
- [2.81460543, 0.0185524496, -9.55026768e-06, 2.3995137e-09, -2.37485257e-13,
2.07010771e+04, 8.60604972]
transport:
model: gas
geometry: nonlinear
diameter: 4.76
well-depth: 252.0
rotational-relaxation: 1.0
note: '000000'
- name: AXC3H4
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composition: C: 3, H: 4
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.368928265, 0.0289351397, -2.44386408e-05, 1.12547166e-08, -2.03040262e-12,
2.17585256e+04, 19.5267211]
- [2.56128757, 0.0195080128, -1.04061366e-05, 2.70165173e-09, -2.75074329e-13,
2.13894289e+04, 9.20550397]
transport:
model: gas
geometry: nonlinear
diameter: 4.76
well-depth: 252.0
rotational-relaxation: 1.0
note: '000000'
- name: SXC3H5
composition: C: 3, H: 5
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.313106581, 0.0318769663, -2.53420013e-05, 1.02999073e-08, -1.35301854e-12,
3.13767683e+04, 22.3728832]
- [2.0250936, 0.0235513249, -1.28254556e-05, 3.39579222e-09, -3.51794724e-13,
3.11812042e+04, 14.6653302]
transport:
model: gas
geometry: nonlinear
diameter: 4.982
well-depth: 266.8
rotational-relaxation: 1.0

note: '000000'
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- name: NXC4H3
composition: C: 4, H: 3
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [-0.0355175031, 0.0430508503, -5.75729147e-05, 4.15883142e-08, -1.20750857e-11,
6.43506593e+04, 24.3816855]
- [7.25330164, 0.0119580846, -5.26715675e-06, 1.09981875e-09, -8.84016751e-14,
6.28977574e+04, -10.5283126]
transport:
model: gas
geometry: nonlinear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: '000000'
- name: C2H3CHO
composition: C: 3, H: 4, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.292355162, 0.0354321417, -2.94936324e-05, 1.28100124e-08, -2.26144108e-12,
-1.16521584e+04, 22.887828]
- [5.56154592, 0.0179295837, -8.03464758e-06, 1.32295375e-09, 0.0, -1.29035886e+04,
-3.47372739]
transport:
model: gas
geometry: nonlinear
diameter: 4.958
well-depth: 428.8
dipole: 2.9
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rotational-relaxation: 1.0
- name: AXC3H5
composition: C: 3, H: 5
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [-1.03516444, 0.0375043366, -3.26381242e-05, 1.47662613e-08, -2.43741154e-12,
1.88792254e+04, 27.1451071]
- [2.28794927, 0.0236401575, -1.2789145e-05, 3.3683854e-09, -3.47449449e-13,
1.83033514e+04, 11.4063418]
transport:
model: gas
geometry: nonlinear
diameter: 4.982
well-depth: 266.8
rotational-relaxation: 1.0
note: '000000'
- name: C20
composition: C: 2, 0: 1
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [2.86278214, 0.0119701204, -1.80851222e-05, 1.5277773e-08, -5.20063163e-12,
3.37501779e+04, 8.89759099]
- [5.42468378, 1.85393945e-03, -5.17932956e-07, 6.7764623e-11, -3.53315237e-15,
3.31537194e+04, -3.69608405]
transport:
model: gas
geometry: linear
diameter: 3.828

well-depth: 232.4
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rotational-relaxation: 1.0
note: g8/00
- name: C4H4
composition: C: 4, H: 4
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [-0.231343354, 0.0411814497, -4.47624056e-05, 2.75434157e-08, -7.06376813e-12,
3.40632704e+04, 24.2662442]
- [4.9723721, 0.0193139904, -9.81196508e-06, 2.43005054e-09, -2.37099738e-13,
3.30561454e+04, -0.623055157]
transport:
model: gas
geometry: nonlinear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: G3B3
- name: CH30CO
composition: C: 2, H: 3, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.83313145, 0.0153447505, 1.89583962e-06, -7.70200413e-09, 2.4156441e-12,
-2.13431832e+04, 13.9524183]
- [0.0896049645, 0.0264901996, -1.45801232e-05, 2.78768018e-09, 0.0,
-2.08196859e+04, 27.1039098]
transport:
model: gas
geometry: nonlinear

diameter: 4.037
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well-depth: 395.0
dipole: 1.3
rotational-relaxation: 1.0
- name: C3H2
composition: C: 3, H: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [4.52861333, 0.0177565501, -2.54882946e-05, 2.01674629e-08, -6.28544707e-12,
6.35410087e+04, 0.809423748]
- [7.67920588, 3.85560826e-03, -8.23429967e-07, -6.18108592e-11, 2.93114202e-14,
6.29136323e+04, -14.2211873]
transport:
model: gas
geometry: nonlinear
diameter: 4.1
well-depth: 209.0
rotational-relaxation: 1.0
note: G3B3
- name: C3H20
composition: C: 3, H: 2, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [1.89401982, 0.0266301486, -2.97185216e-05, 1.94290386e-08, -5.43402767e-12,
1.37271761e+04, 15.5182339]
- [5.5155171, 0.0120296564, -6.09058988e-06, 1.48866261e-09, -1.42588474e-13,
1.29567538e+04, -2.05439127]
transport:
model: gas

geometry: nonlinear
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diameter: 4.76
well-depth: 252.0
rotational-relaxation: 1.0
note: G3B3
- name: C4H2
composition: C: 4, H: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [0.173325212, 0.045394903, -7.3012383e-05, 5.95251736e-08, -1.87484716e-11,
5.42239385e+04, 18.0184355]
- [9.75839793, 3.78873223e-03, 3.06142015e-07, -6.33655024e-10, 1.12930032e-13,
5.22698696e+04, -27.9084005]
transport:
model: gas
geometry: linear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: G3B3
- name: IXC4H3
composition: C: 4, H: 3
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.02566263, 0.0304693624, -3.68345185e-05, 2.60035352¢-08, -7.62154351e-12,
5.80551505e+04, 9.87268458]
- [7.29283596, 0.0121664949, -5.50925306e-06, 1.1929135e-09, -1.00493092e-13,
5.71961011e+04, -10.5737251]
transport:

model: gas
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geometry: nonlinear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: '000000'
- name: TXC3H5
composition: C: 3, H: 5
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.880980628, 0.0296361924, -2.52725602e-05, 1.43651816e-08, -3.89566621e-12,
2.92321259e+04, 20.0163594]
- [3.15893724, 0.0204649335, -1.00947812e-05, 2.41157382e-09, -2.26535162e-13,
2.87351148e+04, 8.93041515]
transport:
model: gas
geometry: nonlinear
diameter: 4.982
well-depth: 266.8
rotational-relaxation: 1.0
note: '000000'
- name: C3H50
composition: C: 3, H: 5, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.19822582, 0.0305579837, -1.80630276e-05, 4.86150033e-09, -4.19854562e-13,
9582.17784, 21.5566221]
- [3.39074577, 0.024130162, -1.13650894e-05, 1.97900938e-09, 0.0, 9007.57452,
10.3459501]

transport:
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model: gas
geometry: nonlinear
diameter: 4.82
well-depth: 411.0
rotational-relaxation: 1.0
- name: C4H
composition: C: 4, H: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [3.23559253, 0.0227091533, -3.18443291e-05, 2.44864804e-08, -7.5798644e-12,
9.3908096e+04, 7.90671244]
- [7.44964925, 5.23173174e-03, -1.96340383e-06, 3.00667811e-10, -1.16121546e-14,
9.30052443e+04, -12.4961267]
transport:
model: gas
geometry: nonlinear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: G3B3
- name: C8H2
composition: C: 8, H: 2
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [-0.326701608, 0.0943328676, -1.72876384e-04, 1.56816538e-07, -5.40488426e-11,
1.05392079e+05, 22.032212]
- [16.3586996, 0.0108592595, -3.91654796e-06, 6.34107033e-10, -3.80413156e-14,
1.02366984e+05, -55.6746562]

transport:
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model: gas
geometry: linear
diameter: 5.68
well-depth: 495.3
dipole: 0.43
polarizability: 12.3
rotational-relaxation: 1.0
note: T11/07
- name: C6H2
composition: C: 6, H: 2
thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [-0.54109216, 0.074532628, -1.3578252e-04, 1.222663e-07, -4.1825207e-11,
8.2115132e+04, 21.88271]
- [12.532801, 8.7766321e-03, -3.1329616e-06, 5.037182e-10, -3.0071921e-14,
7.9784338e+04, -38.85858]
transport:
model: gas
geometry: linear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: T3/92
- name: C4H6
composition: C: 4, H: 6
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 3000.0]
data:
- [4.01336263, 4.4462685e-03, 7.80683019e-05, -1.11674129e-07, 4.60753846e-11,
1.14807231e+04, 6.77079654]
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- [-8.99531092, 0.0601715069, -4.20057758e-05, 1.33330056e-08, -1.5742369e-12,
1.49296107e+04, 71.1866909]
transport:
model: gas
geometry: nonlinear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: G3B3
- name: NXC4H5
composition: C: 4, H: 5
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [4.87674639, 0.0227534299, -1.17714698e-05, 2.95251455e-09, -2.91456566e-13,
4.11081097e+04, 2.21507772]
- [4.87674639, 0.0227534299, -1.17714698e-05, 2.95251455e-09, -2.91456566e-13,
4.11081097e+04, 2.21507772]
transport:
model: gas
geometry: nonlinear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: '000000'
- name: IXC4H5
composition: C: 4, H: 5
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:

- [-0.331905498, 0.0440163876, -4.27690246e-05, 2.31284316e-08, -5.17171519e-12,
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3.67510686e+04, 25.6362838]
- [4.34643669, 0.024576144, -1.30953685e-05, 3.38848125e-09, -3.43519633e-13,
3.5870978e+04, 3.29579091]
transport:
model: gas
geometry: nonlinear
diameter: 5.18
well-depth: 357.0
rotational-relaxation: 1.0
note: '000000'
- name: A1XC6H6
composition: C: 6, H: 6
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [-5.51558393, 0.0645453225, -4.41402928e-05, 7.47712161e-09, 3.10282254e-12,
9110.31457, 46.5332293]
- [-0.206240612, 0.046412244, -2.77653536e-05, 7.88910537e-09, -8.6036525%e-13,
8098.83905, 20.6566629]
transport:
model: gas
geometry: nonlinear
diameter: 5.29
well-depth: 464.8
polarizability: 10.32
rotational-relaxation: 1.0
note: '000000'
- name: C4H7
composition: C: 4, H: 7
thermo:
model: NASA7

temperature-ranges: [200.0, 1000.0, 6000.0]

217



data:
- [5.07355313, 5.27619329e-03, 6.23441322e-05, -8.54203458e-08, 3.45890031e-11,
2.24615054e+04, 5.60318035]
- [8.49073768, 0.0191056974, -6.74370664e-06, 1.07343267e-09, -6.36251837e-14,
2.04659294e+04, -17.4555814]
transport:
model: gas
geometry: nonlinear
diameter: 4.65
well-depth: 355.0
rotational-relaxation: 1.0
note: 3butene-1ylT05/04
- name: C4H70
composition: C: 4, H: 7, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [-1.60619192, 0.0558562682, -4.35595767e-05, 1.70589279e-08, -2.6563518e-12,
4850.90326, 34.7112559]
- [6.21920403, 0.031037311, -1.47414983e-05, 2.57805897e-09, 0.0, 2917.90666,
-4.77187791]
transport:
model: gas
geometry: nonlinear
diameter: 5.2
well-depth: 496.0
rotational-relaxation: 1.0
- name: PXC4HS8
composition: C: 4, H: 8
thermo:
model: NASA7

temperature-ranges: [200.0, 1000.0, 6000.0]

218



data:
- [3.14396651, -5.04251513e-03, 1.20644999e-04, -1.5841e-07, 6.38394284e-11,
1919.48331, 10.6617564]
- [8.06072102, 0.023210476, -8.36819112e-06, 1.35405859e-09, -8.11852286e-14,
-1276.26185, -24.3229092]
transport:
model: gas
geometry: nonlinear
diameter: 6.0
well-depth: 546.2
dipole: 0.13
polarizability: 15.0
rotational-relaxation: 1.0
note: '000000'
- name: IXC3H7
composition: C: 3, H: 7
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.7133, 0.02542616, 1.580808e-06, -1.821286e-08, 8.82771e-12, 7535.809,
12.97901]
- [8.063369, 0.01574488, -5.182392e-06, 7.477245e-10, -3.854422e-14,
5313.871, -21.92647]
transport:
model: gas
geometry: nonlinear
diameter: 4.81
well-depth: 303.4
rotational-relaxation: 1.0
note: '000000'
- name: HOCHO

composition: C: 1, H: 2, 0: 2
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thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.28069021, 0.0152887758, -5.64150476e-06, -1.22968799e-09, 8.14273233e-13,
-4.64347524e+04, 18.3142081]
- [1.24573687, 0.0167242062, -9.22177878e-06, 1.7643822e-09, 0.0, -4.65097525e+04,
18.1159087]
transport:
model: gas
geometry: nonlinear
diameter: 3.97
well-depth: 436.0
rotational-relaxation: 2.0
- name: C4H8X2
composition: C: 4, H: 8
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [-0.831372089, 0.0452580978, -2.93658559e-05, 1.00220436e-08, -1.4319168e-12,
-1578.75035, 29.5084236]
- [3.04470367, 0.0327451765, -1.45363237e-05, 2.39744017e-09, 0.0, -2521.77534,
10.0151514]
transport:
model: gas
geometry: nonlinear
diameter: 5.088
well-depth: 345.7
dipole: 0.3
rotational-relaxation: 1.0
note: '000000'
- name: CH3CHCO
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composition: C: 3, H: 4, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.48380119, 0.0322203013, -2.70250033e-05, 1.20499164e-08, -2.18365931e-12,
-1.1527654e+04, 17.1552068]
- [6.45951145, 0.0156117, -6.5512722e-06, 1.02541702e-09, 0.0, -1.27042477e+04,
-7.715128]
transport:
model: gas
geometry: nonlinear
diameter: 4.12
well-depth: 443.2
rotational-relaxation: 1.0
- name: CH3COCH2
composition: C: 3, H: 5, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.22337251, 0.0324546742, -2.13542518e-05, 6.96777735e-09, -8.99160299%e-13,
-6594.19324, 20.5537233]
- [4.1274301, 0.0233730564, -1.10040288e-05, 1.89595418e-09, 0.0, -7319.39257,
5.86552803]
transport:
model: gas
geometry: nonlinear
diameter: 4.86
well-depth: 435.5
rotational-relaxation: 1.0
- name: C2H402H

composition: C: 2, H: 5, 0: 2
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thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.40977031, 0.0265939711, -1.57408161e-05, 4.41132564e-09, -4.49209001e-13,
2058.74655, 13.5264941]
- [5.13616373, 0.02132812, -9.9390851e-06, 1.69984335e-09, 0.0, 1619.39714,
4.75750168]
transport:
model: gas
geometry: nonlinear
diameter: 4.41
well-depth: 470.6
rotational-relaxation: 1.5
- name: C2H3CHOCH2
composition: C: 4, H: 6, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.79798544, 0.034403432, -1.2459851e-05, -5.1806279e-18, 1.9935954e-21,
-648.92754, 21.889698]
- [-4.7209336, 0.039141378, -6.5287265e-06, -7.682095e-09, 2.5147331e-12,
1753.52252, 51.719042]
transport:
model: gas
geometry: nonlinear
diameter: 5.413
well-depth: 454.0
dipole: 3.3
rotational-relaxation: 1.0
- name: C4H6023

composition: C: 4, H: 6, 0: 1
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thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.67053463, 4.9258642e-03, 8.86967406e-05, -1.26219194e-07, 5.23991321e-11,
-1.02787872e+04, 14.5722395]
- [8.60658242, 0.0208310051, -8.42229481e-06, 1.5671764e-09, -1.09391202e-13,
-1.32392815e+04, -23.246475]
transport:
model: gas
geometry: nonlinear
diameter: 4.984
well-depth: 350.4
rotational-relaxation: 1.0
- name: SXC3H5CHO
composition: C: 4, H: 6, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.627183793, 0.0466780254, -3.74430631e-05, 1.58330542e-08, -2.73952155e-12,
-1.57203117e+04, 21.6034294]
- [7.19597854, 0.0249956291, -1.10451332e-05, 1.8092043e-09, 0.0, -1.72891601e+04,
-11.2990296]
transport:
model: gas
geometry: nonlinear
diameter: 5.352
well-depth: 436.4
rotational-relaxation: 1.0
note: '000000'
- name: C2H3CHCHO

composition: C: 4, H: 5, 0: 1

223



thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [0.144549897, 0.0440495223, -3.63262463e-05, 1.57451928e-08, -2.78406786e-12,
1234.3152, 29.1294645]
- [6.57071278, 0.0226589441, -1.00395106e-05, 1.63880462e-09, 0.0, -289.020319,
-3.00757327]
transport:
model: gas
geometry: nonlinear
diameter: 5.009
well-depth: 464.2
dipole: 2.6
rotational-relaxation: 1.0
- name: CH3CO
composition: C: 2, H: 3, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.5288415, 0.0137152173, -4.28607476e-06, -7.71684278e-10, 4.8383638e-13,
-3025.46532, 14.0340315]
- [2.01002485, 0.0158541129, -7.49125231e-06, 1.29725074e-09, 0.0, -2928.17041,
16.5128972]
transport:
model: gas
geometry: nonlinear
diameter: 3.97
well-depth: 436.0
rotational-relaxation: 2.0
- name: CH3COCH3

composition: C: 3, H: 6, 0: 1
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thermo:
model: NASA7
temperature-ranges: [200.0, 1000.0, 6000.0]
data:
- [5.5563892, -2.83863547e-03, 7.05722951e-05, -8.78130984e-08, 3.40290951e-11,
-2.78325393e+04, 2.31960221]
- [7.29796974, 0.0175656913, -6.31678065e-06, 1.02025553e-09, -6.10903592e-14,
-2.95368927e+04, -12.7591704]
transport:
model: gas
geometry: nonlinear
diameter: 4.86
well-depth: 435.5
note: acetoneATcTA
- name: IXC3H5CO
composition: C: 4, H: 5, 0: 1
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [1.85097069, 0.0418855846, -3.62553731e-05, 1.65690659e-08, -3.05850846e-12,
170.381441, 15.3014433]
- [8.63232766, 0.0191159224, -8.00161116e-06, 1.24510072e-09, 0.0, -1424.77548,
-18.5563686]
transport:
model: gas
geometry: nonlinear
diameter: 5.352
well-depth: 436.4
rotational-relaxation: 1.0
note: '000000'
- name: CH3CHCHCHO

composition: C: 4, H: 6, 0: 1
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thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [-1.5557766, 0.040964063, -1.6986881e-05, -6.0092814e-18, 2.3136853e-21,
-1.4139492e+04, 37.470758]
- [19.879454, -0.020913055, 4.45360508e-05, -2.6037487e-08, 4.8683612e-12,
-1.95278768e+04, -68.720032]
transport:
model: gas
geometry: nonlinear
diameter: 5.009
well-depth: 464.2
dipole: 2.6
rotational-relaxation: 1.0
note: '000000'
- name: MP2D
composition: C: 4, H: 6, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.05265608, 0.04426545, -2.98476063e-05, 1.02829815e-08, -1.46723207e-12,
-3.94315114e+04, 19.2244429]
- [6.87894841, 0.0318268733, -1.49820978e-05, 2.56252532e-09, 0.0, -4.03570172e+04,
5.85170825e-03]
transport:
model: gas
geometry: nonlinear
diameter: 5.664
well-depth: 523.2
dipole: 1.7

rotational-relaxation: 1.0
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note: '000000'
- name: MP2J
composition: C: 4, H: 7, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.01226869, 0.0452562271, -2.87009424e-05, 9.04524035e-09, -1.16253018e-12,
-3.32370243e+04, 13.0032094]
- [6.05545008, 0.035360873, -1.68772482e-05, 2.91118868e-09, 0.0, -3.39727532e+04,
-2.28078456]
transport:
model: gas
geometry: nonlinear
diameter: 5.664
well-depth: 523.2
dipole: 1.7
rotational-relaxation: 1.0
note: '000000'
- name: MP3J
composition: C: 4, H: 7, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [4.0657748, 0.0388324925, -2.0804875e-05, 5.06251249e-09, -4.21741752e-13,
-2.98351498e+04, 10.380341]
- [5.25654053, 0.0349900668, -1.6270579e-05, 2.75813474e-09, 0.0, -3.01243886e+04,
4.39279096]
transport:
model: gas
geometry: nonlinear

diameter: 5.664
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well-depth: 523.2
dipole: 1.7
rotational-relaxation: 1.0
note: '000000'
- name: MMETHMJ
composition: C: 5, H: 7, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.31845142, 0.0503804264, -3.44292678e-05, 1.21616702e-08, -1.79043255e-12,
-1.89667805e+04, 16.5319599]
- [7.88808413, 0.035463841, -1.65145625e-05, 2.8034851e-09, 0.0, -2.00682292e+04,
-6.40292488]
transport:
model: gas
geometry: nonlinear
diameter: 5.664
well-depth: 523.2
dipole: 1.7
rotational-relaxation: 1.0
note: '000000'
- name: MMETHVJ
composition: C: 5, H: 7, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.51643548, 0.0512966154, -3.66135902e-05, 1.37143487e-08, -2.1524754e-12,
-1.39670905e+04, 14.1932082]
- [8.71528211, 0.0341402007, -1.57448253e-05, 2.65067646e-09, 0.0, -1.52085618e+04,
-11.8473479]

transport:

228



model: gas
geometry: nonlinear
diameter: 5.664
well-depth: 523.2
dipole: 1.7
rotational-relaxation: 1.0
note: '000000'
- name: MMETHAC
composition: C: 5, H: 8, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [2.35246332, 0.0556934032, -3.81321664e-05, 1.36196767e-08, -2.03920463e-12,
-4.35452573e+04, 18.8827111]
- [7.44668994, 0.0389920812, -1.79729976e-05, 3.02839868e-09, 0.0, -4.47685673e+04,
-6.66459726]
transport:
model: gas
geometry: nonlinear
diameter: 5.664
well-depth: 523.2
dipole: 1.7
rotational-relaxation: 1.0
note: '000000'
- name: MMETHPJ
composition: C: 5, H: 7, 0: 2
thermo:
model: NASA7
temperature-ranges: [300.0, 1000.0, 5000.0]
data:
- [3.31845142, 0.0503804264, -3.44292678e-05, 1.21616702e-08, -1.79043255e-12,
-1.89667805e+04, 16.5319599]
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- [7.88808413, 0.035463841, -1.65145625e-05, 2.8034851e-09, 0.0, -2.00682292e+04,
-6.402924388]
transport:
model: gas
geometry: nonlinear
diameter: 5.664
well-depth: 523.2
dipole: 1.7
rotational-relaxation: 1.0

note: '000000'

reactions:

- equation: H + 02 <=> 0 + OH # Reaction 1
rate-constant: A: 1.04e+14, b: 0.0, Ea: 1.528609e+04

- equation: 0 + H2 <=> H + OH # Reaction 2
rate-constant: A: 3.818e+12, b: 0.0, Ea: 7947.9
duplicate: true

- equation: 0 + H2 <=> H + OH # Reaction 3
rate-constant: A: 8.792e+14, b: 0.0, Ea: 1.916993e+04
duplicate: true

- equation: H2 + OH <=> H20 + H # Reaction 4
rate-constant: A: 2.16e+08, b: 1.51, Ea: 3429.97

- equation: 2 OH <=> 0 + H20 # Reaction 5
rate-constant: A: 3.34e+04, b: 2.42, Ea: -1929.97

- equation: H2 + M <=> 2 H + M # Reaction 6
type: three-body
rate-constant: A: 4.577e+19, b: -1.4, Ea: 1.0438002e+05
efficiencies: AR: 0.0, CO: 1.9, C02: 3.8, H2: 2.5, H20: 12.0, HE: 0.0

- equation: H2 + AR <=> 2 H + AR # Reaction 7
rate-constant: A: 5.84e+18, b: -1.1, Ea: 1.0438002e+05

- equation: H2 + HE <=> 2 H + HE # Reaction 8
rate-constant: A: 5.84e+18, b: -1.1, Ea: 1.0438002e+05

- equation: 2 0 + M <=> 02 + M # Reaction 9
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type: three-body

rate-constant: A: 6.165e+15, b: -0.5, Ea: 0.0

efficiencies: AR: 0.0, CO: 1.9, C02: 3.8, H2: 2.5, H20: 12.0, HE: 0.0

equation: 2 0 + AR <=> 02 + AR # Reaction 10

rate-constant: A: 1.886e+13, b: 0.0, Ea: -1788.0

equation: 2 0 + HE <=> 02 + HE # Reaction 11

rate-constant: A: 1.886e+13, b: 0.0, Ea: -1788.0

equation: 0 + H + M <=> OH + M # Reaction 12

type: three-body

rate-constant: A: 4.714e+18, b: -1.0, Ea: 0.0

efficiencies: AR: 0.75, CO: 1.9, C02: 3.8, H2: 2.5, H20: 12.0, HE: 0.75

equation: H20 + M <=> H + OH + M # Reaction 13

type: three-body

rate-constant: A: 6.064e+27, b: -3.322, Ea: 1.2078991e+05

efficiencies: CO: 1.9, C02: 3.8, H2: 3.0, H20: 0.0, HE: 1.1, N2: 2.0,
02: 1.5

equation: 2 H20 <=> H + OH + H20 # Reaction 14

rate-constant: A: 1.006e+26, b: -2.44, Ea: 1.2017997e+05

equation: H + 02 (+ M) <=> HO2 (+ M) # Reaction 15

type: falloff

low-P-rate-constant: A: 9.042e+19, b: -1.5, Ea: 492.11

high-P-rate-constant: A: 4.651e+12, b: 0.44, Ea: 0.0

Troe: A: 0.5, T3: 0.0, T1: 1.0e+30

efficiencies: CO: 2.7, C02: 5.4, H2: 3.0, H20: 21.0, HE: 1.2, N2: 1.5,
02: 1.1

equation: HO2 + H <=> H2 + 02 # Reaction 16

rate-constant: A: 2.75e+06, b: 2.09, Ea: -1451.0

equation: HO2 + H <=> 2 OH # Reaction 17

rate-constant: A: 7.079e+13, b: 0.0, Ea: 294.93

equation: HO2 + 0 <=> 02 + OH # Reaction 18

rate-constant: A: 2.85e+10, b: 1.0, Ea: -723.95

equation: HO2 + OH <=> H20 + 02 # Reaction 19

rate-constant: A: 2.89e+13, b: 0.0, Ea: -496.89
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equation: 2 HO2 <=> H202 + 02 # Reaction 20

rate-constant: A: 4.2e+14, b: 0.0, Ea: 1.198207e+04

duplicate: true

equation: 2 HO2 <=> H202 + 02 # Reaction 21

rate-constant: A: 1.3e+11, b: 0.0, Ea: -1629.3

duplicate: true

equation: H202 (+ M) <=> 2 OH (+ M) # Reaction 22

type: falloff

low-P-rate-constant: A: 2.49e+24, b: -2.3, Ea: 4.875e+04

high-P-rate-constant: A: 2.0e+12, b: 0.9, Ea: 4.874904e+04

Troe: A: 0.43, T3: 0.0, T1: 1.0e+30

efficiencies: CO: 2.8, C02: 1.6, H2: 3.7, H20: 7.5, H202: 7.7, HE: 0.65,
N2: 1.5, 02: 1.2

equation: H202 + H <=> H20 + OH # Reaction 23

rate-constant: A: 2.41e+13, b: 0.0, Ea: 3969.89

equation: H202 + H <=> HO2 + H2 # Reaction 24

rate-constant: A: 4.82e+13, b: 0.0, Ea: 7950.05

equation: H202 + 0 <=> OH + HO2 # Reaction 25

rate-constant: A: 9.55e+06, b: 2.0, Ea: 3969.89

equation: H202 + OH <=> HO2 + H20 # Reaction 26

rate-constant: A: 1.74e+12, b: 0.0, Ea: 318.12

duplicate: true

equation: H202 + OH <=> HO2 + H20 # Reaction 27

rate-constant: A: 7.59e+13, b: 0.0, Ea: 7270.08

duplicate: true

equation: CO + 0 (+ M) <=> C02 (+ M) # Reaction 28

type: falloff

low-P-rate-constant: A: 1.55e+24, b: -2.79, Ea: 4192.16

high-P-rate-constant: A: 1.8e+10, b: 0.0, Ea: 2385.28

Troe: A: 1.0, T3: 1.0, T1: 1.0e+07, T2: 1.0e+07

efficiencies: AR: 0.7, CO: 1.75, C02: 3.6, H2: 2.0, H20: 12.0

equation: CO + OH <=> C02 + H # Reaction 29

rate-constant: A: 7.046e+04, b: 2.063, Ea: -355.64
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duplicate: true

equation: CO + OH <=> C02 + H # Reaction 30
rate-constant: A: 5.757e+12, b: -0.664, Ea: 331.74
duplicate: true

equation: CO + 02 <=> C02 + 0 # Reaction 31
rate-constant: A: 1.05e+12, b: 0.0, Ea: 4.770005e+04
equation: CO + HO2 <=> CO2 + OH # Reaction 32
rate-constant: A: 1.57e+05, b: 2.18, Ea: 1.794264e+04
equation: HCO + H <=> CO + H2 # Reaction 33
rate-constant: A: 1.2e+14, b: 0.0, Ea: 0.0
equation: HCO + 0 <=> CO + OH # Reaction 34
rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0
equation: HCO + 0 <=> C02 + H # Reaction 35
rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0
equation: HCO + OH <=> CO + H20 # Reaction 36
rate-constant: A: 3.02e+13, b: 0.0, Ea: 0.0
equation: HCO + M <=> CO + H + M # Reaction 37
type: three-body

rate-constant: A: 4.748e+11, b: 0.659, Ea: 1.48738e+04
efficiencies: CO: 1.75, C02: 3.6, H2: 2.0, H20: 0.0
equation: HCO + 02 <=> CO + HO2 # Reaction 38
rate-constant: A: 7.58e+12, b: 0.0, Ea: 409.89
equation: C + OH <=> CO + H # Reaction 39
rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0
equation: C + 02 <=> CO + 0 # Reaction 40
rate-constant: A: 5.8e+13, b: 0.0, Ea: 576.0
equation: CH + H <=> C + H2 # Reaction 41
rate-constant: A: 1.65e+14, b: 0.0, Ea: 0.0
equation: CH + 0 <=> CO + H # Reaction 42
rate-constant: A: 5.7e+13, b: 0.0, Ea: 0.0
equation: CH + OH <=> HCO + H # Reaction 43
rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: CH + H2 <=> TXCH2 + H # Reaction 44
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rate-constant: A: 1.08e+14, b: 0.0, Ea: 3109.46

equation: CH + H2 (+ M) <=> CH3 (+ M) # Reaction 45

type: falloff

low-P-rate-constant: A: 4.82e+25, b: -2.8, Ea: 590.34

high-P-rate-constant: A: 1.97e+12, b: 0.43, Ea: -370.46

Troe: A: 0.578, T3: 122.0, T1: 2535.0, T2: 9365.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, C0O: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: CH + H20 <=> CH20 + H # Reaction 46

rate-constant: A: 5.71e+12, b: 0.0, Ea: -755.26

equation: CH + 02 <=> HCO + 0 # Reaction 47

rate-constant: A: 6.71e+13, b: 0.0, Ea: 0.0

equation: CH + CO (+ M) <=> HCCO (+ M) # Reaction 48

type: falloff

low-P-rate-constant: A: 2.69e+28, b: -3.74, Ea: 1935.95

high-P-rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

Troe: A: 0.5757, T3: 237.0, T1: 1652.0, T2: 5069.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: CH + C02 <=> HCO + CO # Reaction 49

rate-constant: A: 1.9e+14, b: 0.0, Ea: 1.579111e+04

equation: CO + H2 (+ M) <=> CH20 (+ M) # Reaction 50

type: falloff

low-P-rate-constant: A: 5.07e+27, b: -3.42, Ea: 8.43499e+04

high-P-rate-constant: A: 4.3e+07, b: 1.5, Ea: 7.960086e+04

Troe: A: 0.932, T3: 197.0, T1: 1540.0, T2: 1.03e+04

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: HCO + H (+ M) <=> CH20 (+ M) # Reaction 51

type: falloff

low-P-rate-constant: A: 2.47e+24, b: -2.57, Ea: 425.43

high-P-rate-constant: A: 1.09e+12, b: 0.48, Ea: -260.52

Troe: A: 0.7824, T3: 271.0, T1: 2755.0, T2: 6570.0
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efficiencies: AR:
H20: 12.0
equation: TXCH2 +

type: falloff

0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, CO2:

H (+ M) <=> CH3 (+ M) # Reaction 52

low-P-rate-constant: A: 1.04e+26, b: -2.76, Ea: 1598.95

high-P-rate-constant: A: 6.0e+14, b: 0.0, Ea: 0.0

Troe: A: 0.562, T3: 91.0, T1: 5836.0, T2: 8552.0

efficiencies: AR:
H20: 12.0
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +
rate-constant: A:
equation: TXCH2 +

type: falloff

0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, CO02:

0 <=> HCO + H # Reaction 53
8.0e+13, b: 0.0, Ea: 0.0

OH <=> CH20 + H # Reaction 54
2.0e+13, b: 0.0, Ea: 0.0

OH <=> CH + H20 # Reaction 55
1.13e+07, b: 2.0, Ea: 2999.52

H2 <=> H + CH3 # Reaction 56
5.0e+05, b: 2.0, Ea: 7229.92

02 => C02 + 2 H # Reaction 57
5.8e+12, b: 0.0, Ea: 1500.96

02 <=> CH20 + 0 # Reaction 58
2.4e+12, b: 0.0, Ea: 1500.96

02 => 0OH + H + CO # Reaction 59
5.0e+12, b: 0.0, Ea: 1500.96

HO2 <=> CH20 + OH # Reaction 60
2.0e+13, b: 0.0, Ea: 0.0

C <=> C2H + H # Reaction 61
5.0e+13, b: 0.0, Ea: 0.0

CO (+ M) <=> CH2CO (+ M) # Reaction 62

low-P-rate-constant: A: 2.69e+33, b: -5.11, Ea: 7096.08

high-P-rate-constant: A: 8.1le+11l, b: 0.5, Ea: 4510.04

Troe: A: 0.5907, T3: 275.0, T1: 1226.0, T2: 5185.0

efficiencies: AR:

0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02:
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H20: 12.0
equation: TXCH2 + CH <=> C2H2 + H # Reaction 63
rate-constant: A: 4.0e+13, b: 0.0, Ea: 0.0
equation: 2 TXCH2 <=> C2H2 + H2 # Reaction 64
rate-constant: A: 1.6e+15, b: 0.0, Ea: 1.194312e+04
equation: 2 TXCH2 => C2H2 + 2 H # Reaction 65
rate-constant: A: 2.0e+14, b: 0.0, Ea: 1.098948e+04
equation: SXCH2 + N2 <=> TXCH2 + N2 # Reaction 66
rate-constant: A: 1.5e+13, b: 0.0, Ea: 599.9
equation: SXCH2 + AR <=> TXCH2 + AR # Reaction 67
rate-constant: A: 9.0e+12, b: 0.0, Ea: 599.9
equation: SXCH2 + H <=> CH + H2 # Reaction 68

rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

o w =

equation: SXCH2 + 0 <=> CO + H2 # Reaction 69

rate-constant: A: 1.5e+13, b: 0.0, Ea: 0.0

equation: SXCH2 + 0 <=> HCO + H # Reaction 70

rate-constant: A: 1.5e+13, b: 0.0, Ea: 0.0

equation: SXCH2 + OH <=> CH20 + H # Reaction 71

rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: SXCH2 + H2 <=> CH3 + H # Reaction 72

rate-constant: A: 7.0e+13, b: 0.0, Ea: 0.0

equation: SXCH2 + 02 <=> H + OH + CO # Reaction 73

rate-constant: A: 2.8e+13, b: 0.0, Ea: 0.0

equation: SXCH2 + 02 <=> CO + H20 # Reaction 74

rate-constant: A: 1.2e+13, b: 0.0, Ea: 0.0

equation: SXCH2 + H20 (+ M) <=> CH30H (+ M) # Reaction 75

type: falloff

low-P-rate-constant: A: 1.88e+38, b: -6.36, Ea: 5040.63

high-P-rate-constant: A: 4.82e+17, b: -1.16, Ea: 1144.84

Troe: A: 0.6027, T3: 208.0, T1: 3922.0, T2: 1.018e+04

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: SXCH2 + H20 <=> TXCH2 + H20 # Reaction 76
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rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: SXCH2 + H20 => H2 + CH20 # Reaction 77

rate-constant: A: 6.82e+10, b: 0.25, Ea: -934.51

equation: SXCH2 + CO <=> TXCH2 + CO # Reaction 78

rate-constant: A: 9.0e+12, b: 0.0, Ea: 0.0

equation: SXCH2 + C02 <=> TXCH2 + CO02 # Reaction 79

rate-constant: A: 7.0e+12, b: 0.0, Ea: 0.0

equation: SXCH2 + C02 <=> CH20 + CO # Reaction 80

rate-constant: A:

1.4e+13, b: 0.0, Ea: 0.0

equation: CH20 + H (+ M) <=> CH20H (+ M) # Reaction 81

type: falloff

low-P-rate-constant: A:

1.27e+32, b: -4.82, Ea: 6529.64

high-P-rate-constant: A: 5.4e+11, b: 0.45, Ea: 3599.43

Troe: A: 0.7187, T3: 103.0, T1: 1291.0, T2: 4160.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,

H20: 12.0

equation: CH20 + H (+ M) <=> CH30 (+ M)

type: falloff

low-P-rate-constant: A: 2.2e+30, b:

# Reaction 82

-4.8, Ea: 5559.27

high-P-rate-constant: A: 5.4e+11, b: 0.45, Ea: 2600.38

Troe: A: 0.758, T3: 94.0, Ti:

15656.0, T2: 4200.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,

H20: 12.0
equation: CH20
rate-constant:
equation: CH20
rate-constant:
equation: CH20
rate-constant:
equation: CH20
rate-constant:
equation: CH20

rate—-constant:

+

A:

A:

A:

A:

A:

H <=> HCO + H2 # Reaction 83

5.74e+07, b: 1.9, Ea: 2741.4

0 <=> HCO + OH # Reaction 84

3.9e+13, b: 0.0, Ea: 3539.67

OH <=> HCO + H20 # Reaction 85

3.43e+09, b: 1.18, Ea: -446.94

02 <=> HCO + HO2 # Reaction 86

1.0e+14, b: 0.0, Ea: 4.0e+04

HO2 <=> HCO + H202 # Reaction 87

5.6e+06, b: 2.0, Ea:

1.200048e+04
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- equation: CH20 + CH <=> CH2CO + H # Reaction 88
rate-constant: A: 9.46e+13, b: 0.0, Ea: -516.25

- equation: CH3 + H (+ M) <=> CH4 (+ M) # Reaction 89
type: falloff
low-P-rate-constant: A: 3.47e+38, b: -6.3, Ea: 5074.09
high-P-rate-constant: A: 6.92e+13, b: 0.18, Ea: 0.0
Troe: A: 0.783, T3: 74.0, T1: 2941.0, T2: 6964.0
efficiencies: AR: 0.7, C2H6: 3.0, CH4: 3.0, CO: 1.5, C02: 2.0, H2: 2.0,

H20: 6.0

- equation: CH3 + 0 <=> CH20 + H # Reaction 90
rate-constant: A: 5.06e+13, b: 0.0, Ea: 0.0

- equation: CH3 + 0 => H + H2 + CO # Reaction 91
rate-constant: A: 3.37e+13, b: 0.0, Ea: 0.0

- equation: CH3 + OH (+ M) <=> CH30H (+ M) # Reaction 92
type: falloff
low-P-rate-constant: A: 4.0e+36, b: -5.92, Ea: 3140.54
high-P-rate-constant: A: 2.79e+18, b: -1.43, Ea: 1331.26
Troe: A: 0.412, T3: 195.0, T1: 5900.0, T2: 6394.0
efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,

H20: 12.0

- equation: CH3 + OH <=> TXCH2 + H20 # Reaction 93
rate-constant: A: 5.6e+07, b: 1.6, Ea: 5420.65

- equation: CH3 + OH => H2 + CH20 # Reaction 94
rate-constant: A: 8.0e+09, b: 0.0, Ea: -1754.3

- equation: CH3 + OH <=> SXCH2 + H20 # Reaction 95
rate-constant: A: 6.44e+17, b: -1.34, Ea: 1417.3

- equation: CH3 + 02 <=> CH30 + 0 # Reaction 96
rate-constant: A: 1.38e+13, b: 0.0, Ea: 3.052103e+04

- equation: CH3 + 02 <=> CH20 + OH # Reaction 97
rate-constant: A: 5.87e+11, b: 0.0, Ea: 1.384082e+04

- equation: CH3 + 02 (+ M) <=> CH302 (+ M) # Reaction 98
type: falloff
low-P-rate-constant: A: 3.82e+31, b: -4.89, Ea: 3432.12
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high-P-rate-constant: A: 1.01e+08, b: 1.63, Ea: 0.0
Troe: A: 0.045, T3: 880.1, T1: 2.5e+09, T2: 1.786e+09
equation: CH302 + CH3 <=> 2 CH30 # Reaction 99
rate-constant: A: 1.0e+13, b: 0.0, Ea: -1199.81
equation: 2 CH302 => 2 CH30 + 02 # Reaction 100
rate-constant: A: 1.4e+16, b: -1.61, Ea: 1859.46
equation: CH302 + HO2 => CH30 + OH + 02 # Reaction 101
rate-constant: A: 2.47e+11, b: 0.0, Ea: -1570.27
equation: CH302 + CH20 => CH30 + OH + HCO # Reaction 102
rate-constant: A: 1.99e+12, b: 0.0, Ea: 1.167065e+04
equation: CH3 + HO2 <=> CH30 + OH # Reaction 103
rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0

equation: CH3 + HO2 <=> CH4 + 02 # Reaction 104
rate-constant: A: 3.61e+12, b: 0.0, Ea: 0.0

equation: CH3 + H202 <=> CH4 + HO2 # Reaction 105
rate-constant: A: 2.45e+04, b: 2.47, Ea: 5179.25
equation: CH3 + C <=> C2H2 + H # Reaction 106
rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: CH3 + CH <=> C2H3 + H # Reaction 107
rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: CH3 + HCO <=> CH4 + CO # Reaction 108
rate-constant: A: 2.65e+13, b: 0.0, Ea: 0.0

equation: CH3 + CH20 <=> CH4 + HCO # Reaction 109
rate-constant: A: 3320.0, b: 2.81, Ea: 5860.42
equation: CH3 + TXCH2 <=> C2H4 + H # Reaction 110
rate-constant: A: 1.0e+14, b: 0.0, Ea: 0.0

equation: CH3 + SXCH2 <=> C2H4 + H # Reaction 111
rate-constant: A: 1.2e+13, b: 0.0, Ea: -571.22
equation: 2 CH3 <=> C2H5 + H # Reaction 112
rate-constant: A: 6.84e+12, b: 0.1, Ea: 1.05999e+04
equation: CH30 + H (+ M) <=> CH30H (+ M) # Reaction 113
type: falloff

low-P-rate-constant: A: 4.66e+41, b: -7.44, Ea: 1.407983e+04
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high-P-rate-constant: A: 2.43e+12, b: 0.52, Ea: 50.19
Troe: A: 0.7, T3: 100.0, T1: 9.0e+04, T2: 1.0e+04

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02:

H20: 12.0
equation: CH30 + H <=> CH20H + H # Reaction 114
rate-constant: A: 4.15e+07, b: 1.63, Ea: 1924.0
equation: CH30 + H <=> CH20 + H2 # Reaction 115
rate-constant: A: 2.0e+13, b: 0.0, Ea: 0.0
equation: CH30 + H <=> CH3 + OH # Reaction 116
rate-constant: A: 1.5e+12, b: 0.5, Ea: -109.94
equation: CH30 + H <=> SXCH2 + H20 # Reaction 117
rate-constant: A: 2.62e+14, b: -0.23, Ea: 1070.75
equation: CH30 + 0 <=> CH20 + OH # Reaction 118
rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0
equation: CH30 + OH <=> CH20 + H20 # Reaction 119
rate-constant: A: 5.0e+12, b: 0.0, Ea: 0.0
equation: CH30 + 02 <=> CH20 + HO2 # Reaction 120
rate-constant: A: 4.28e-13, b: 7.6, Ea: -3530.11
equation: CH20H + H (+ M) <=> CH30H (+ M) # Reaction 121
type: falloff
low-P-rate-constant: A: 4.36e+31, b: -4.65, Ea: 5081.26
high-P-rate-constant: A: 1.06e+12, b: 0.5, Ea: 86.04
Troe: A: 0.6, T3: 100.0, T1: 9000.0, T2: 1.0e+04

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, CO02:

H20: 12.0
equation: CH20H + H <=> CH20 + H2 # Reaction 122
rate-constant: A: 2.0e+13, b: 0.0, Ea: 0.0
equation: CH20H + H <=> CH3 + OH # Reaction 123
rate-constant: A: 1.65e+11, b: 0.65, Ea: -284.42
equation: CH20H + H <=> SXCH2 + H20 # Reaction 124
rate-constant: A: 3.28e+13, b: -0.09, Ea: 609.46
equation: CH20H + 0 <=> CH20 + OH # Reaction 125

rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0
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equation: CH20H + OH <=> CH20 + H20 # Reaction 126
rate-constant: A: 5.0e+12, b: 0.0, Ea: 0.0
equation: CH20H + 02 <=> CH20 + HO2 # Reaction 127
rate-constant: A: 1.8e+13, b: 0.0, Ea: 901.05
equation: CH4 + H <=> CH3 + H2 # Reaction 128
rate-constant: A: 6.6e+08, b: 1.62, Ea: 1.08413e+04
equation: CH4 + 0 <=> CH3 + OH # Reaction 129
rate-constant: A: 1.02e+09, b: 1.5, Ea: 8599.43
equation: CH4 + OH <=> CH3 + H20 # Reaction 130
rate-constant: A: 1.0e+08, b: 1.6, Ea: 3119.02
equation: CH4 + CH <=> C2H4 + H # Reaction 131
rate-constant: A: 6.0e+13, b: 0.0, Ea: 0.0
equation: CH4 + TXCH2 <=> 2 CH3 # Reaction 132
rate-constant: A: 2.46e+06, b: 2.0, Ea: 8269.6
equation: CH4 + SXCH2 <=> 2 CH3 # Reaction 133
rate-constant: A: 1.6e+13, b: 0.0, Ea: -571.22
equation: CH30H + H <=> CH20H + H2 # Reaction 134
rate-constant: A: 1.7e+07, b: 2.1, Ea: 4870.94
equation: CH30H + H <=> CH30 + H2 # Reaction 135
rate-constant: A:

.2e+06, b: 2.1, Ea: 4870.94

.88e+05, b: 2.5, Ea: 3099.9

H
4

equation: CH30H + 0 <=> CH20H + OH # Reaction 136
rate-constant: A: 3
0

equation: CH30H + 0 <=> CH30 + OH # Reaction 137
rate-constant: A: 1.3e+05, b: 2.5, Ea: 5000.0
equation: CH30H + OH <=> CH20H + H20 # Reaction 138
rate-constant: A: 1.44e+06, b: 2.0, Ea: -841.3
equation: CH30H + OH <=> CH30 + H20 # Reaction 139
rate-constant: A: 6.3e+06, b: 2.0, Ea: 1500.96
equation: CH30H + CH3 <=> CH20H + CH4 # Reaction 140
rate-constant: A: 3.0e+07, b: 1.5, Ea: 9940.25
equation: CH30H + CH3 <=> CH30 + CH4 # Reaction 141
rate-constant: A: 1.0e+07, b: 1.5, Ea: 9940.25
equation: C2H + H (+ M) <=> C2H2 (+ M) # Reaction 142
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type: falloff

low-P-rate-constant: A: 2.6e+33, b: -4.8, Ea: 1900.1

high-P-rate-constant: A: 1.0e+17, b: -1.0, Ea: 0.0

Troe: A: 0.6464, T3: 132.0, T1: 1315.0, T2: 5566.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, C0O: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: C2H + 0 <=> CH + CO # Reaction 143

rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: C2H + OH <=> H + HCCO # Reaction 144

rate-constant: A: 2.0e+13, b: 0.0, Ea: 0.0

equation: C2H + 02 <=> HCO + CO # Reaction 145

rate-constant: A: 1.0e+13, b: 0.0, Ea: -755.26

equation: C2H + H2 <=> C2H2 + H # Reaction 146

rate-constant: A: 3.31e+06, b: 2.26, Ea: 901.05

equation: HCCO + H <=> SXCH2 + CO # Reaction 147

rate-constant: A: 1.0e+14, b: 0.0, Ea: 0.0

equation: HCCO + 0 <=> H + 2 CO # Reaction 148

rate-constant: A: 1.0e+14, b: 0.0, Ea: 0.0

equation: HCCO + 02 <=> OH + 2 CO # Reaction 149

rate-constant: A: 4.2e+10, b: 0.0, Ea: 853.25

equation: HCCO + CH <=> C2H2 + CO # Reaction 150

rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: HCCO + TXCH2 <=> C2H3 + CO # Reaction 151

rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: 2 HCCO <=> C2H2 + 2 CO # Reaction 152

rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0

equation: C2H2 + H (+ M) <=> C2H3 (+ M) # Reaction 153

type: falloff

low-P-rate-constant: A: 6.34e+31, b: -4.66, Ea: 3781.07

high-P-rate-constant: A: 1.71e+10, b: 1.27, Ea: 2707.93

Troe: A: 0.2122, T3: 1.0, T1: -1.0212e+04

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0
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equation: C2H2 + 0 <=> HCCO + H # Reaction 154

rate-constant: A: 8.1e+06, b: 2.0, Ea: 1900.1

equation: C2H2 + 0 <=> TXCH2 + CO # Reaction 155

rate-constant: A:

1.25e+07, b: 2.0, Ea: 1900.1

equation: C2H + OH <=> C2H2 + 0 # Reaction 156

rate-constant: A:
equation: C2H2
rate-constant:
equation: C2H2
rate-constant:
equation: C2H2
rate-constant:
equation: C2H2

rate—-constant:

+

A:

+

A:

1.81e+13, b: 0.0, Ea: 0.0

OH <=> C2H + H20 # Reaction 157

2.63e+06, b: 2.14, Ea: 1.706023e+04

OH <=> HCCOH + H # Reaction 158

: 2.41e+06, b: 2.0, Ea: 1.271272e+04

OH <=> CH2CO + H # Reaction 159

: 7.53e+06, b: 1.55, Ea: 2105.64

OH <=> CH3 + CO # Reaction 160
1.28e+09, b: 0.73, Ea: 2578.87

equation: CH2CO + H <=> HCCO + H2 # Reaction 16

rate-constant: A: 5.0e+13, b: 0.0, Ea: 7999.52

equation: CH2CO + H <=> CH3 + CO # Reaction 162

rate-constant: A:
equation: CH2CO + O

rate-constant: A:

1.5e+09, b: 1.38, Ea: 614.24

1.0e+13, b: 0.0, Ea: 7999.52

equation: CH2CO + 0 <=> TXCH2 + CO02 # Reaction

rate-constant: A:

1.75e+12, b: 0.0, Ea: 1350.38

1

<=> HCCO + OH # Reaction 163

164

equation: CH2CO + OH <=> HCCO + H20 # Reaction 165

rate-constant: A: 7.5e+12, b: 0.0, Ea: 2000.48

equation: HCCOH + H <=> CH2CO + H # Reaction 166

rate-constant: A:

1.0e+13, b: 0.0, Ea: 0.0

equation: C2H3 + H (+ M) <=> C2H4 (+ M) # React

type: falloff

low-P-rate-constant: A:

ion 167

1.4e+30, b: -3.86, Ea: 3319.79

high-P-rate-constant: A: 6.08e+12, b: 0.27, Ea: 279.64

Troe: A: 0.782, T3: 207.5, T1l: 2663.0, T2: 6095.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO:

H20:

12.0
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equation: C2H3 +

rate-constant: A:

equation: C2H3 +

rate-constant: A:

equation: C2H3 +

rate-constant: A:

equation: C2H3 +

rate-constant: A:

equation: C2H3 +

rate-constant: A:

equation: C2H3 +

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

equation: CH2CHO

rate-constant: A:

H <=> C2H2 + H2 # Reaction 168
3.0e+13, b: 0.0, Ea: 0.0

0 <=> CH2CHO # Reaction 169
1.03e+13, b: 0.21, Ea: -427.82

OH <=> C2H2 + H20 # Reaction 170
5.0e+12, b: 0.0, Ea: 0.0

02 <=> C2H2 + HO2 # Reaction 171
1.34e+06, b: 1.61, Ea: -384.8

02 <=> CH2CHO + 0 # Reaction 172
3.03e+11, b: 0.29, Ea: 11.95

02 <=> HCO + CH20 # Reaction 173
4.58e+16, b: -1.39, Ea: 1015.77

<=> CH2CO + H # Reaction 174
1.32e+34, b: -6.57, Ea: 4.945746e+04

<=> CH3 + CO # Reaction 175
6.51e+34, b: -6.87, Ea: 4.719407e+04
+ 0 <=> CH20 + HCO # Reaction 176
3.17e+13, b: 0.03, Ea: -394.36

+ 02 => OH + CO + CH20 # Reaction 177
1.81e+10, b: 0.0, Ea: 0.0

+ 02 => OH + 2 HCO # Reaction 178
2.35e+10, b: 0.0, Ea: 0.0

+ H <=> CH3 + HCO # Reaction 179
2.2e+13, b: 0.0, Ea: 0.0

+ H <=> CH2CO + H2 # Reaction 180
1.1e+13, b: 0.0, Ea: 0.0

+ OH <=> H20 + CH2CO # Reaction 181
1.2e+13, b: 0.0, Ea: 0.0

+ OH <=> HCO + CH20H # Reaction 182
3.01e+13, b: 0.0, Ea: 0.0

equation: CH3 + HCO <=> CH3CHO # Reaction 183

rate-constant: A:

equation: CH3CHO

5.0e+13, b: 0.0, Ea: 0.0
+ 0 <=> CH2CHO + OH # Reaction 184
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rate-constant: A: 2.92e+12, b: 0.0, Ea: 1809.27

equation: CH3CHO + H <=> CH2CHO + H2 # Reaction 185

rate-constant: A: 2.05e+09, b: 1.16, Ea: 2404.4

equation: CH3CHO + H => CH3 + CO + H2 # Reaction 186

rate-constant: A: 2.05e+09, b: 1.16, Ea: 2404.4

equation: CH3CHO + 0 => CH3 + CO + OH # Reaction 187

rate-constant: A: 2.92e+12, b: 0.0, Ea: 1809.27

equation: CH3CHO + 02 => CH3 + CO + HO2 # Reaction 188

rate-constant: A: 3.01e+13, b: 0.0, Ea: 3.914914e+04

equation: CH3CHO + OH => CH3 + CO + H20 # Reaction 189

rate-constant: A: 2.34e+10, b: 0.73, Ea: -1113.77

equation: CH3CHO + HO2 => CH3 + CO + H202 # Reaction 190

rate-constant: A: 3.01e+12, b: 0.0, Ea: 1.1924e+04

equation: CH3CHO + CH3 => CH3 + CO + CH4 # Reaction 191

rate-constant: A: 2.72e+06, b: 1.77, Ea: 5920.17

equation: C2H4 (+ M) <=> H2C2 + H2 (+ M) # Reaction 192

type: falloff

low-P-rate-constant: A: 7.0e+50, b: -9.31, Ea: 9.989962e+04

high-P-rate-constant: A: 8.0e+12, b: 0.44, Ea: 8.880019e+04

Troe: A: 0.735, T3: 180.0, T1: 1035.0, T2: 5417.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 6.0

equation: C2H4 + H (+ M) <=> C2H5 (+ M) # Reaction 193

type: falloff

low-P-rate-constant: A: 2.03e+39, b: -6.64, Ea: 5769.6

high-P-rate-constant: A: 1.37e+09, b: 1.46, Ea: 1355.16

Troe: A: -0.569, T3: 299.0, T1: -9147.0, T2: 152.4

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: C2H4 + H <=> C2H3 + H2 # Reaction 194

rate-constant: A: 1.27e+05, b: 2.75, Ea: 1.164914e+04

equation: C2H4 + 0 <=> CH2CHO + H # Reaction 195

rate-constant: A: 7.66e+09, b: 0.88, Ea: 1140.06
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equation: C2H4 + 0 <=> TXCH2 + CH20 # Reaction 196

rate-constant: A: 7.15e+04, b: 2.47, Ea: 929.73

equation: C2H4 + 0 <=> CH3 + HCO # Reaction 197

rate-constant: A: 3.89e+08, b: 1.36, Ea: 886.71

equation: C2H4 + OH <=> C2H3 + H20 # Reaction 198

rate-constant: A: 0.131, b: 4.2, Ea: -860.42

equation: C2H4 + OH <=> C2H50 # Reaction 199

rate-constant: A: 3.75e+36, b: -7.8, Ea: 7060.23

equation: C2H4 + CH3 <=> C2H3 + CH4 # Reaction 200

rate-constant: A: 2.27e+05, b: 2.0, Ea: 9199.33

equation: C2H4 + CH3 (+ M) <=> NXC3H7 (+ M) # Reaction 201

type: falloff

low-P-rate-constant: A: 3.0e+63, b: -14.6, Ea: 1.816922e+04

high-P-rate-constant: A: 2.55e+06, b: 1.6, Ea: 5700.29

Troe: A: 0.1894, T3: 277.0, T1: 8748.0, T2: 7891.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: C2H5 + H (+ M) <=> C2H6 (+ M) # Reaction 202

type: falloff

low-P-rate-constant: A: 1.99e+41, b: -7.08, Ea: 6684.99

high-P-rate-constant: A: 5.21e+17, b: -0.99, Ea: 1579.83

Troe: A: 0.8422, T3: 125.0, T1: 2219.0, T2: 6882.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: C2H5 + H <=> C2H4 + H2 # Reaction 203

rate-constant: A: 2.0e+12, b: 0.0, Ea: 0.0

equation: C2H5 + CH3 <=> C2H4 + CH4 # Reaction 204

rate-constant: A: 1.18e+04, b: 2.45, Ea: 2920.65

equation: C2H5 + 0 <=> C2H50 # Reaction 205

rate-constant: A: 3.17e+13, b: 0.03, Ea: -394.36

equation: C2H50 <=> CH3 + CH20 # Reaction 206

rate-constant: A: 1.32e+20, b: -2.02, Ea: 2.075048e+04

equation: C2H50 <=> CH3CHO + H # Reaction 207
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rate-constant: A: 5.45e+15, b: -0.69, Ea: 2.222992e+04

equation: C2H50 + 02 <=> CH3CHO + HO2 # Reaction 208

rate-constant: A: 2.29e+10, b: 0.0, Ea: 874.76

equation: C2H5 + 02 <=> C2H4 + HO2 # Reaction 209

rate-constant: A: 1.92e+07, b: 1.02, Ea: -2033.94

equation: C3H8 (+ M) <=> C2H5 + CH3 (+ M) # Reaction 210

type: falloff

low-P-rate-constant: A: 5.64e+74, b: -15.74, Ea: 9.871893e+04

high-P-rate-constant: A: 1.29e+37, b: -5.84, Ea: 9.738767e+04

Troe: A: 0.31, T3: 50.0, T1: 3000.0, T2: 9000.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: C2H6 (+ M) <=> 2 CH3 (+ M) # Reaction 211

type: falloff

low-P-rate-constant: A: 3.72e+65, b: -13.14, Ea: 1.0157983e+05

high-P-rate-constant: A: 1.88e+50, b: -9.72, Ea: 1.0734226e+05

Troe: A: 0.39, T3: 100.0, T1: 1900.0, T2: 6000.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0

equation: C2H6 + H <=> C2H5 + H2 # Reaction 212

rate-constant: A: 1.7e+05, b: 2.7, Ea: 5740.92

equation: C2H6 + 0 <=> C2H5 + OH # Reaction 213

rate-constant: A: 31.7, b: 3.8, Ea: 3130.98

equation: C2H6 + OH <=> C2H5 + H20 # Reaction 214

rate-constant: A: 1.61e+06, b: 2.22, Ea: 740.92

equation: C2H6 + SXCH2 <=> C2H5 + CH3 # Reaction 215

rate-constant: A: 4.0e+13, b: 0.0, Ea: -549.71

equation: C2H6 + CH3 <=> C2H5 + CH4 # Reaction 216

rate-constant: A: 8.43e+14, b: 0.0, Ea: 2.225621e+04

equation: NXC3H7 + 0 <=> C2H5 + CH20 # Reaction 217

rate-constant: A: 3.17e+13, b: 0.03, Ea: -394.36

equation: NXC3H7 + H (+ M) <=> C3H8 (+ M) # Reaction 218

type: falloff
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low-P-rate-constant: A: 4.42e+61, b: -13.55, Ea:

1.135755e+04

high-P-rate-constant: A: 3.61e+13, b: 0.0, Ea: 0.0

Troe: A: 0.315, T3: 369.0, T1: 3285.0, T2: 6667.0

efficiencies: AR:

H20: 12.0

0.7, C2H6: 3.0, CH4: 2.0, CO:

1.75, C02: 3.6, H2: 2.0,

equation: NXC3H7 + OH <=> C3H6 + H20 # Reaction 219

rate-constant: A:

2.41e+13, b: 0.0, Ea: 0.0

equation: NXC3H7 + CH3 <=> C3H6 + CH4 # Reaction 220

rate-constant: A:
equation: C3H6 +

type: falloff

low-P-rate-constant: A: 6.26e+38, b:

3.31e+12, b: 0.0, Ea: -769.6

H (+ M) <=> NXC3H7 (+ M) # Reaction 221

-6.66, Ea: 7000.48

high-P-rate-constant: A: 3.06e+14, b: -0.37, Ea: 4032.03

Troe: A: 1.0, T3:
efficiencies: AR:
H20: 12.0
equation: NXC3H7
rate-constant: A:
equation: C3H8 +
rate-constant: A:
equation: C3H8 +
rate-constant: A:
equation: C3H8 +
rate-constant: A:
equation: C3H8 +
rate-constant: A:
equation: C3H8 +
rate-constant: A:
equation: C2H2 +
type: three-body
rate-constant: A:
efficiencies: AR:

H20: 6.0

1000.0, T1: 1310.0, T2: 4.8097e+04

0.7, C2H6: 3.0, CH4: 2.0, CO:

+ 02 <=> C3H6 + HO2 # Reaction

3.7e+16, b: -1.63, Ea: 3417.78

1.75, C02: 3.6, H2: 2.0,

222

H <=> NXC3H7 + H2 # Reaction 223

0.058, b: 4.71, Ea: 6211.76

0 <=> NXC3H7 + OH # Reaction 224

2.35, b: 4.09, Ea: 2545.41
OH <=> NXC3H7 + H20 # Reaction

5.36e+06, b: 2.01, Ea: 365.68

225

CH3 <=> NXC3H7 + CH4 # Reaction 226

0.903, b: 3.65, Ea: 7153.44

HO2 <=> NXC3H7 + H202 # Reaction 227

9640.0, b: 2.6, Ea: 1.391013e+04

M <=> H2C2 + M # Reaction 228

2.45e+15, b: -0.64, Ea: 4.969885e+04

0.7, C2H6: 3.0, CH4: 2.0, CO:
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equation: H2C2
rate-constant:
equation: H2C2
rate-constant:
equation: C2H2
rate-constant:
equation: C2H2

rate—-constant:

A:

A:

A:

+

A:

equation: AXC3H4

rate-constant: A:

equation: C2H2
rate-constant:
equation: C2H2
rate-constant:
equation: C2H2
rate—-constant:
equation: C2H3
rate—-constant:
equation: C2H3
rate-constant:
equation: C2H3
rate-constant:
equation: C2H3
rate-constant:
equation: C3H6
rate-constant:

equation: C2H3

rate-constant: A:

+

A:

+

A:
<=

A:

+

02 <=> TXCH2 + C02 # Reaction 229
3.3e+12, b: 0.0, Ea: 0.0

02 <=> 2 HCO # Reaction 230
1.0e+13, b: 0.0, Ea: 0.0

SXCH2 <=> C3H3 + H # Reaction 231
1.9e+14, b: 0.0, Ea: 0.0

CH3 <=> PXC3H4 + H # Reaction 232
2.56e+09, b: 1.1, Ea: 1.364388e+04

+ H <=> C2H2 + CH3 # Reaction 233
8.95e+13, b: -0.02, Ea: 1.125e+04

CH3 <=> SXC3HS5 # Reaction 234

1.852294e+04

7.45e+43, b: -10.13, Ea:

C2H <=> NXC4H3 # Reaction 235

: 7.8e+13, b: 0.0, Ea: 0.0

HCCO <=> C3H3 + CO # Reaction 236
1.0e+11, b: 0.0, Ea: 2999.52

H202 <=> C2H4 + HO2 # Reaction 237
1.21e+10, b: 0.0, Ea: -595.12

HCO <=> C2H4 + CO0 # Reaction 238

: 9.0e+13, b: 0.0, Ea: 0.0

HCO <=> C2H3CHO # Reaction 239
1.8e+13, b: 0.0, Ea: 0.0

CH3 <=> C2H2 + CH4 # Reaction 240
9.03e+12, b: 0.0, Ea: -764.82

> C2H3 + CH3 # Reaction 241
4.04e+42, b: -7.67, Ea: 1.1183078e+05

CH3 <=> AXC3H5 + H # Reaction 242

1.93e+18, b: -1.25, Ea: 7669.69

equation: AXC3H5 + H <=> C3H6 # Reaction 243

rate-constant: A: 5.93e+54, b:

-11.76, Ea: 2.354924e+04

equation: C2H + CH3 <=> C3H3 + H # Reaction 244

rate-constant: A: 2.41e+13, b: 0.0, Ea: 0.0

equation: C20 + H <=> CH + CO # Reaction 245
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rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: C20 + 0 <=> 2 CO # Reaction 246
rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: C20 + OH <=> H + 2 CO # Reaction 247
rate-constant: A: 2.0e+13, b: 0.0, Ea: 0.0

equation: C20 + 02 <=> 0 + 2 CO # Reaction 248
rate-constant: A: 2.0e+13, b: 0.0, Ea: 0.0

equation: HCCO + CH3 <=> C2H4 + CO # Reaction 249
rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: HCCO + OH <=> C20 + H20 # Reaction 250
rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: HCCO + OH <=> 2 HCO # Reaction 251
rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0

equation: CH2CO + OH <=> CH20H + CO # Reaction 252
rate-constant: A: 5.0e+12, b: 0.0, Ea: 0.0

equation: CH2CO0 + TXCH2 <=> C2H4 + CO # Reaction 253
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: CH2CO0 + TXCH2 <=> HCCO + CH3 # Reaction 254
rate-constant: A: 3.6e+13, b: 0.0, Ea: 1.099904e+04
equation: CH2CO + CH3 <=> C2H5 + CO # Reaction 255
rate-constant: A: 9.0e+10, b: 0.0, Ea: 0.0

equation: CH2CO + CH3 <=> HCCO + CH4 # Reaction 256
rate-constant: A: 7.5e+12, b: 0.0, Ea: 1.299952e+04
equation: CH2CHO + CH3 <=> C2H5 + HCO # Reaction 257
rate-constant: A: 4.9e+14, b: -0.5, Ea: 0.0

equation: C2H4 + C2H <=> C4H4 + H # Reaction 258
rate-constant: A: 1.2e+13, b: 0.0, Ea: 0.0

equation: C2H4 + 02 <=> C2H3 + HO2 # Reaction 259
rate-constant: A: 4.22e+13, b: 0.0, Ea: 6.210086e+04
equation: C2H4 + 02 => CH3 + CO02 + H # Reaction 260
rate-constant: A: 4.9e+12, b: 0.42, Ea: 7.580067e+04
equation: CH30CO => CH3 + C02 # Reaction 261
rate-constant: A: 3.59e+14, b: -0.172, Ea: 1.601004e+04
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equation: CH3 + CO02

rate-constant: A: 4.

equation: CH30CO

rate-constant: A:

equation: CH30 +

rate-constant: A:

equation: C2H5 +

rate-constant: A:

equation: C2H5 +

rate-constant: A:

equation: C2H5 +

rate-constant: A:

equation: C2H5 +

rate-constant: A:

equation: C2H6 +

rate-constant: A:

equation: C3H2 +

rate-constant: A:

equation: C3H2 +

rate-constant: A:

equation: C3H2 +

rate-constant: A:

equation: C3H2 +

rate-constant: A:

equation: C3H2 +

rate-constant: A:

equation: C3H2 +

rate-constant: A:

equation: C3H2 +

rate-constant: A:

=>
1
co
1

=> CH30CO # Reaction 262
76e+07, b: 1.54, Ea: 3.470005e+04
CH30 + CO # Reaction 263

.431e+15, b: -0.041, Ea: 2.377008e+04

=> CH30CO # Reaction 264

.55e+06, b: 2.02, Ea: 5729.92

HCO <=> C2H6 + CO # Reaction 265

1.

2e+14, b: 0.0, Ea: 0.0

HO2 <=> C2H6 + 02 # Reaction 266

3.

Oe+11, b: 0.0, Ea: 0.0

HO2 <=> C2H4 + H202 # Reaction 267

3.

Oe+11, b: 0.0, Ea: 0.0

HO2 <=> C2H50 + OH # Reaction 268

3.

le+13, b: 0.0, Ea: 0.0

HO2 <=> C2H5 + H202 # Reaction 269

261.0, b: 3.37, Ea: 1.5913e+04

0 <=> C3H20 # Reaction 270

1

OH
1.

02

1.
CH

5

.36e+14, b: 0.0, Ea: 0.0

<=> C2H2 + HCO # Reaction 271
Oe+13, b: 0.0, Ea: 0.0

<=> HCCO + CO + H # Reaction 272
25e+11, b: 0.0, Ea: 999.04

<=> C4H2 + H # Reaction 273

.0e+13, b: 0.0, Ea: 0.0

TXCH2 <=> NXC4H3 + H # Reaction 274

5.

Oe+13, b: 0.0, Ea: 0.0

CH3 <=> C4H4 + H # Reaction 275

5.

Oe+12, b: 0.0, Ea: 0.0

HCCO <=> NXC4H3 + CO # Reaction 276

1.

Oe+13, b: 0.0, Ea: 0.0

equation: C2H + HCO <=> C3H20 # Reaction 277

rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: C3H20 + H <=> C2H2 + HCO # Reaction 278
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rate-constant: A: 3.46e+12, b: 0.44, Ea: 5463.67
equation: C3H20 + H => C2H + CO + H2 # Reaction 279
rate-constant: A: 2.05e+09, b: 1.16, Ea: 2404.4
equation: C3H20 + 0 => C2H + CO + OH # Reaction 280
rate-constant: A: 2.92e+12, b: 0.0, Ea: 1809.27
equation: C3H20 + 02 => C2H + CO + HO2 # Reaction 281
rate-constant: A: 3.01e+13, b: 0.0, Ea: 3.914914e+04
equation: C3H20 + OH => C2H + CO + H20 # Reaction 282
rate-constant: A: 2.34e+10, b: 0.73, Ea: -1113.77
equation: C3H20 + HO2 => C2H + CO + H202 # Reaction 283
rate-constant: A: 3.01e+12, b: 0.0, Ea: 1.1924e+04
equation: C3H20 + CH3 => C2H + CO + CH4 # Reaction 284
rate-constant: A: 2.72e+06, b: 1.77, Ea: 5920.17
equation: C3H2 + H (+ M) <=> C3H3 (+ M) # Reaction 285
type: falloff
low-P-rate-constant: A: 2.8e+30, b: -3.86, Ea: 3319.79
high-P-rate-constant: A: 1.02e+13, b: 0.27, Ea: 279.64
Troe: A: 0.782, T3: 207.5, T1: 2663.0, T2: 6095.0
efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0
equation: C3H3 + H <=> C3H2 + H2 # Reaction 286
rate-constant: A: 1.1e+10, b: 1.13, Ea: 1.392925e+04
equation: C3H3 + H <=> PXC3H4 # Reaction 287
rate-constant: A: 7.94e+29, b: -5.06, Ea: 4861.38
equation: C3H3 + H <=> AXC3H4 # Reaction 288
rate-constant: A: 3.16e+29, b: -5.0, Ea: 4710.8
equation: C3H3 + OH <=> C2H3CHO # Reaction 289
rate-constant: A: 7.53e+06, b: 1.55, Ea: 2105.64
equation: C3H3 + OH <=> C2H4 + CO # Reaction 290
rate-constant: A: 1.28e+09, b: 0.73, Ea: 2578.87
equation: C3H3 + OH <=> C3H2 + H20 # Reaction 291
rate-constant: A: 1.13e+05, b: 2.28, Ea: 2466.54
equation: C3H3 + OH <=> CH20 + C2H2 # Reaction 292
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rate-constant:
equation: C3H3
rate-constant:
equation: C3H3
rate—-constant:
equation: C3H3
rate—-constant:
equation: C3H3
rate-constant:
equation: C3H3
rate-constant:
equation: C3H3 +

rate-constant:

equation: PXC3H4

rate-constant: A:

equation: C3H3 +
rate-constant:
equation: C3H3 +
rate-constant:
equation: C3H3 +
rate-constant:
equation: C3H3 +
rate-constant:

equation: AXC3H4

rate-constant: A:

equation: AXC3H4

rate-constant: A:

equation: AXC3H4

rate-constant: A:

equation: AXC3H4

rate-constant: A:

equation: PXC3H4

rate-constant: A:

A:

A:

A:

A:

A:

A:

A:

A:

1.88e+36, b:

-7.8, Ea: 7060.23

0 => CH20 + C2H # Reaction 293

2.0e+13, b: 0.0, Ea: 0.0

0 <=> C3H20 + H # Reaction 294

1.38e+14, b: 0.0, Ea: 0.0

02 <=> CH2C0 + HCO # Reaction 295

1.7e+05, b:

1.7, Ea:

1500.96

HO2 <=> OH + CO + C2H3 # Reaction 296

: 8.0et+11, b: 0.0, Ea: 0.0

HO2 <=> AXC3H4 + 02 # Reaction 297

: 3.0e+11, b: O.

HO2 <=> PXC3H4
3.0e+11, b: O.
+ 02 <=> CH3 +
4.0e+14, b: O.
HCO <=> AXC3H4
2.5e+13, b: 0.
HCO <=> PXC3H4
2.5e+13, b: 0.

0, Ea:

+ 02

0, Ea:

0.0
# Reaction 298

: 0.0

CO # Reaction 299

1 4.192878e+04

# Reaction 300

: 0.0

# Reaction 301

0.0

CH <=> IXC4H3 + H # Reaction 302

5.0e+13, b: 0.0, Ea: 0.0

TXCH2 <=> C4H4 + H # Reaction 303

5.0e+13, b: 0.0, Ea: 0.0

<=> PXC3H4 # Reaction 304

7.76e+39, b:

-7.8, Ea: 7.844646e+04

+ H <=> PXC3H4 + H # Reaction 305

2.47e+15, b:

-0.33, Ea: 6436.42

+ H <=> AXC3H5 # Reaction 306

2.01e+49, b:

-10.77, Ea:

1.962237e+04

+ H <=> TXC3H5 # Reaction 307

6.7e+42, b:

-12.46, Ea:

1.635994e+04

+ H <=> TXC3HS5 # Reaction 308

8.83e+52, b:

-12.36, Ea:

1.644598e+04
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equation: PXC3H4 + H <=> SXC3H5 # Reaction 309
rate-constant: A: 1.53e+49, b: -11.97, Ea: 1.414436e+04
equation: PXC3H4 + H <=> C3H3 + H2 # Reaction 310
rate-constant: A: 8.5e+04, b: 2.7, Ea: 5740.92
equation: PXC3H4 + 0 <=> C3H3 + OH # Reaction 311
rate-constant: A: 4.49e+07, b: 1.92, Ea: 5690.73
equation: PXC3H4 + OH <=> C3H3 + H20 # Reaction 312
rate-constant: A: 783.0, b: 3.01, Ea: -1139.82
equation: PXC3H4 + CH3 <=> C3H3 + CH4 # Reaction 313
rate-constant: A: 4.22e+14, b: 0.0, Ea: 2.225621e+04
equation: PXC3H4 + HO2 <=> C3H3 + H202 # Reaction 314
rate-constant: A: 130.0, b: 3.37, Ea: 1.5913e+04
equation: AXC3H4 + H <=> C3H3 + H2 # Reaction 315
rate-constant: A: 1.33e+06, b: 2.53, Ea: 1.223948e+04
equation: AXC3H4 + OH <=> C3H3 + H20 # Reaction 316
rate-constant: A: 512.0, b: 3.05, Ea: -2295.89
equation: AXC3H4 + CH3 <=> C3H3 + CH4 # Reaction 317
rate-constant: A: 2.27e+05, b: 2.0, Ea: 9199.33
equation: AXC3H4 + HO2 <=> C3H3 + H202 # Reaction 318
rate-constant: A: 9.76e+10, b: 0.12, Ea: 2.336998e+04
equation: AXC3H4 + 0 <=> CH2CO + TXCH2 # Reaction 319
rate-constant: A: 9.63e+06, b: 2.05, Ea: 179.25
equation: PXC3H4 + 0 <=> HCCO + CH3 # Reaction 320
rate-constant: A: 4.05e+06, b: 2.0, Ea: 1900.1
equation: PXC3H4 + 0 <=> C2H4 + CO # Reaction 321
rate-constant: A: 6.25e+06, b: 2.0, Ea: 1900.1
equation: AXC3H4 + C2H <=> C2H2 + C3H3 # Reaction 322
rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0

equation: PXC3H4 + C2H <=> C2H2 + C3H3 # Reaction 323
rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0

equation: PXC3H4 + OH <=> HCCOH + CH3 # Reaction 324
rate-constant: A: 2.41e+06, b: 2.0, Ea: 1.271272e+04
equation: PXC3H4 + OH <=> CH2CO + CH3 # Reaction 325
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rate-constant: A: 7.53e+06, b: 1.55, Ea: 2105.64
equation: PXC3H4 + OH <=> C2H5 + CO # Reaction 326
rate-constant: A: 1.28e+09, b: 0.73, Ea: 2578.87
equation: C2H3CHO + H => C2H3 + CO + H2 # Reaction 327
rate-constant: A: 4.09e+09, b: 1.16, Ea: 2404.4

equation: C2H3CHO + 0 => C2H3 + CO + OH # Reaction 328
rate-constant: A: 5.84e+12, b: 0.0, Ea: 1809.27

equation: C2H3CHO + OH => C2H3 + CO + H20 # Reaction 329
rate-constant: A: 2.89e+08, b: 1.35, Ea: -1572.66
equation: C2H3CHO + HO2 => C2H3 + CO + H202 # Reaction 330
rate-constant: A: 4.09e+04, b: 2.5, Ea: 1.020315e+04
equation: C2H3CHO + CH3 => C2H3 + CO + CH4 # Reaction 331
rate-constant: A: 3.49e-08, b: 6.21, Ea: 1630.02
equation: AXC3H5 <=> TXC3H5 # Reaction 332
rate-constant: A: 7.06e+56, b: -14.08, Ea: 7.586759e+04
equation: AXC3H5 <=> SXC3H5 # Reaction 333
rate-constant: A: 5.0e+51, b: -13.02, Ea: 7.330067e+04
equation: TXC3H5 <=> SXC3H5 # Reaction 334
rate-constant: A: 1.5e+48, b: -12.71, Ea: 5.390057e+04
equation: AXC3HS5 + H <=> AXC3H4 + H2 # Reaction 335
rate-constant: A: 9560.0, b: 2.8, Ea: 3291.11

equation: AXC3H5 + OH <=> AXC3H4 + H20 # Reaction 336
rate-constant: A: 6.03e+12, b: 0.0, Ea: 0.0

equation: AXC3H5 + CH3 <=> AXC3H4 + CH4 # Reaction 337
rate-constant: A: 4.86e+11, b: -0.32, Ea: -131.45
equation: AXC3H5 + C2H3 <=> AXC3H4 + C2H4 # Reaction 338
rate-constant: A: 2.41e+12, b: 0.0, Ea: 0.0

equation: AXC3H5 + C2H5 <=> AXC3H4 + C2H6 # Reaction 339
rate-constant: A: 9.64e+11, b: 0.0, Ea: -131.45

equation: 2 AXC3H5 <=> AXC3H4 + C3H6 # Reaction 340
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: AXC3H5 + 02 <=> AXC3H4 + HO2 # Reaction 341

rate-constant: A: 2.06e+04, b: 2.19, Ea: 1.759082e+04
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equation: AXC3H5

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: AXC3H4

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: AXC3H5

rate-constant: A:

equation: TXC3H5

rate-constant: A:

equation: TXC3H5

rate-constant: A:

equation: TXC3H5

rate-constant: A:

equation: TXC3H5

rate-constant: A:

equation: TXC3H5

rate-constant: A:

equation: TXC3H5

rate-constant: A:

equation: SXC3H5

+ 02 <=> C2H3CHO + OH # Reaction 342
3.36e+05, b: 1.81, Ea: 1.918977e+04

+ 02 => C2H2 + CH20 + OH # Reaction 343
9.71e+20, b: -2.7, Ea: 2.498088e+04

+ 02 <=> CH2CHO + CH20 # Reaction 344
3.08e+09, b: 0.37, Ea: 1.690966e+04

+ HO2 => CH2CO + TXCH2 + OH # Reaction 345
4.0e+12, b: 0.0, Ea: 1.9e+04

+ 0 <=> C3H50 # Reaction 346

3.17e+13, b: 0.03, Ea: -394.36

+ OH <=> C2H3CHO + H2 # Reaction 347
4.2e+32, b: -5.16, Ea: 3.012667e+04

+ HCO <=> C3H6 + CO # Reaction 348
6.0e+13, b: 0.0, Ea: 0.0

+ HO2 <=> C3H6 + 02 # Reaction 349
2.66e+12, b: 0.0, Ea: 0.0

+ HO2 <=> C3H50 + OH # Reaction 350
1.06e+16, b: -0.94, Ea: 2523.9

+ CH302 <=> C3H50 + CH30 # Reaction 351
7.0e+12, b: 0.0, Ea: -999.04

+ H <=> PXC3H4 + H2 # Reaction 352
3.34e+12, b: 0.0, Ea: 0.0

+ 0 <=> CH3 + CH2CO # Reaction 353
6.0e+13, b: 0.0, Ea: 0.0

+ OH => CH3 + CH2CO + H # Reaction 354
5.0e+12, b: 0.0, Ea: 0.0

+ HO2 <=> CH3 + CH2CO + OH # Reaction 355
2.0e+13, b: 0.0, Ea: 0.0

+ HCO <=> C3H6 + CO # Reaction 356
9.0e+13, b: 0.0, Ea: 0.0

+ CH3 <=> PXC3H4 + CH4 # Reaction 357
1.0e+11, b: 0.0, Ea: 0.0

+ H <=> PXC3H4 + H2 # Reaction 358
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rate-constant: A: 3.34e+12, b: 0.0, Ea: 0.0

equation: SXC3H5 + 0 <=> C2H4 + HCO # Reaction 359
rate-constant: A: 6.0e+13, b: 0.0, Ea: 0.0

equation: SXC3H5 + OH => C2H4 + HCO + H # Reaction 360
rate-constant: A: 5.0e+12, b: 0.0, Ea: 0.0

equation: SXC3H5 + HO2 <=> C2H4 + HCO + OH # Reaction 361
rate-constant: A: 2.0e+13, b: 0.0, Ea: 0.0

equation: SXC3H5 + HCO <=> C3H6 + CO # Reaction 362
rate-constant: A: 9.0e+13, b: 0.0, Ea: 0.0

equation: SXC3H5 + CH3 <=> PXC3H4 + CH4 # Reaction 363
rate-constant: A: 1.0e+11, b: 0.0, Ea: 0.0

equation: TXC3H5 + 02 <=> PXC3H4 + HO2 # Reaction 364
rate-constant: A: 1.34e+06, b: 1.61, Ea: -384.8
equation: SXC3H5 + 02 <=> PXC3H4 + HO2 # Reaction 365
rate-constant: A: 6.7e+05, b: 1.61, Ea: -384.8

equation: TXC3H5 + 02 => CH2CO + CH3 + 0 # Reaction 366
rate-constant: A: 3.03e+11, b: 0.29, Ea: 11.95

equation: SXC3H5 + 02 => C2H3CHO + H + 0 # Reaction 367
rate-constant: A: 3.03e+11, b: 0.29, Ea: 11.95

equation: TXC3HS5 + 02 => CH3 + CO + CH20 # Reaction 368
rate-constant: A: 4.58e+16, b: -1.39, Ea: 1015.77
equation: SXC3H5 + 02 <=> CH3CHO + HCO # Reaction 369
rate-constant: A: 4.58e+16, b: -1.39, Ea: 1015.77
equation: TXC3H5 + 02 <=> AXC3H4 + HO2 # Reaction 370
rate-constant: A: 1.92e+07, b: 1.02, Ea: -2033.94
equation: C3H50 + 02 => C2H3CHO + HO2 # Reaction 371
rate-constant: A: 1.0e+12, b: 0.0, Ea: 5999.04

equation: C3H50 <=> C2H3CHO + H # Reaction 372
rate-constant: A: 1.0e+14, b: 0.0, Ea: 2.909895e+04
equation: C3H50 => C2H3 + CH20 # Reaction 373
rate-constant: A: 2.03e+12, b: 0.09, Ea: 2.356119e+04
equation: C3H6 + H <=> C2H4 + CH3 # Reaction 374

rate-constant: A: 8.0e+21, b: -2.39, Ea: 1.118069e+04
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equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate—-constant:
equation: C3H6
rate—-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate-constant:
equation: C3H6
rate—-constant:
equation: C3H6

rate—-constant:

A:

A:

A:

A:

A:

+

A:

: 2.0e+08, b:

: 9600.0, b: 2.6, Ea: 1.

: 0.84, b: 3.5, Ea:

: 6.65e+05, b: 2.53, Ea:

0 <=> CH2CHO + CH3 # Reaction 375
1.2e+08, b: 1.6, Ea: 327.44

0 <=> C2H5 + HCO # Reaction 376
3.5e+07, b: 1.6, Ea: -972.75

H <=> AXC3H5 + H2 # Reaction 377
6.6e+05, b: 2.54, Ea: 6756.69

0 <=> AXC3H5 + OH # Reaction 378
9.65e+04, b: 2.68, Ea: 3716.54
OH <=> AXC3H5 + H20 # Reaction 379

1.46, Ea: 537.76

HO2 <=> AXC3H5 + H202 # Reaction 380

391013e+04

CH3 <=> AXC3H5 + CH4 # Reaction 381

: 0.452, b: 3.65, Ea: 7153.44

H <=> TXC3H5 + H2 # Reaction 382

: 4.0e+05, b: 2.5, Ea: 9789.67

0 <=> TXC3H5 + OH # Reaction 383

: 6.0e+10, b: 0.7, Ea: 7629.06

OH <=> TXC3H5 + H20 # Reaction 384
1.1e+06, b: 2.0, Ea: 1450.76

CH3 <=> TXC3H5 + CH4 # Reaction 385

1.166109e+04

H <=> SXC3H5 + H2 # Reaction 386

1.223948e+04

0 <=> SXC3H5 + OH # Reaction 387
1.21e+11, b: 0.7, Ea: 8960.33

OH <=> SXC3H5 + H20 # Reaction 388
0.0655, b: 4.2, Ea: -860.42

CH3 <=> SXC3H5 + CH4 # Reaction 389

1.14e+05, b: 2.0, Ea: 9199.33

equation: C4H + 02 <=> C2H + 2 CO # Reaction 390

rate-constant: A:

1.0e+13, b: 0.0, Ea: -755.26

equation: C4H + H <=> C4H2 # Reaction 391
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rate-constant: A: 6.0e+13, b: 0.0, Ea: 0.0

equation: C4H2 + H <=> C4H + H2 # Reaction 392
rate-constant: A: 3.2e+09, b: 1.8, Ea: 3.010755e+04
equation: C4H2 + H2 <=> C4H4 # Reaction 393
rate-constant: A: 4.0e+14, b: 0.0, Ea: 5.390057e+04
equation: 2 C4H2 => C8H2 + 2 H # Reaction 394
rate-constant: A: 1.51e+14, b: 0.0, Ea: 5.599904e+04
equation: 2 C4H2 <=> C8H2 + H2 # Reaction 395
rate-constant: A: 1.51e+13, b: 0.0, Ea: 4.270076e+04
equation: C4H2 + 02 <=> 2 HCCO # Reaction 396
rate-constant: A: 9.56e+12, b: 0.0, Ea: 3.109943e+04
equation: C4H2 + 0 <=> C3H2 + CO # Reaction 397
rate-constant: A: 2.06e+07, b: 2.0, Ea: 1900.1
equation: C4H2 + H (+ M) <=> IXC4H3 (+ M) # Reaction 398
type: falloff

low-P-rate-constant: A: 2.3e+45, b: -8.1, Ea: 2507.17
high-P-rate-constant: A: 4.31e+10, b: 1.16, Ea: 1751.91
Troe: A: 0.0748, T3: 1.0, T1: -4216.0

efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02:

H20: 12.0
equation: C4H2 + H <=> NXC4H3 # Reaction 399
rate-constant: A: 1.37e+39, b: -7.87, Ea: 1.544216e+04
equation: C4H2 + OH <=> C4H + H20 # Reaction 400
rate-constant: A: 9.15e+09, b: 1.03, Ea: 2.174713e+04
equation: C4H2 + OH <=> C3H3 + CO # Reaction 401
rate-constant: A: 3.3e+12, b: -0.25, Ea: 2375.72
equation: NXC4H3 <=> IXC4H3 # Reaction 402
rate-constant: A: 4.1e+43, b: -9.5, Ea: 5.299952e+04
equation: NXC4H3 + H <=> IXC4H3 + H # Reaction 403
rate-constant: A: 2.5e+20, b: -1.67, Ea: 1.080067e+04
equation: NXC4H3 + H <=> C4H4 # Reaction 404
rate-constant: A: 2.0e+47, b: -10.26, Ea: 1.306883e+04
equation: IXC4H3 + H <=> C4H4 # Reaction 405
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rate-constant: A: 3.4e+43, b: -9.01, Ea: 1.211998e+04
equation: NXC4H3 + H <=> 2 C2H2 # Reaction 406
rate-constant: A: 6.3e+25, b: -3.34, Ea: 1.000956e+04
equation: IXC4H3 + H <=> 2 C2H2 # Reaction 407
rate-constant: A: 2.8e+23, b: -2.55, Ea: 1.077916e+04
equation: NXC4H3 + H <=> C4H2 + H2 # Reaction 408
rate-constant: A: 1.5e+13, b: 0.0, Ea: 0.0

equation: IXC4H3 + H <=> C4H2 + H2 # Reaction 409
rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: NXC4H3 + OH <=> C4H2 + H20 # Reaction 410
rate-constant: A: 2.5e+12, b: 0.0, Ea: 0.0

equation: IXC4H3 + OH <=> C4H2 + H20 # Reaction 411
rate-constant: A: 5.0e+12, b: 0.0, Ea: 0.0

equation: NXC4H3 + 02 <=> C4H2 + HO2 # Reaction 412
rate-constant: A: 6.7e+05, b: 1.61, Ea: -384.8
equation: IXC4H3 + 02 <=> C4H2 + HO2 # Reaction 413
rate-constant: A: 1.34e+06, b: 1.61, Ea: -384.8
equation: IXC4H3 + 0 <=> CH2CO + C2H # Reaction 414
rate-constant: A: 2.0e+13, b: 0.0, Ea: 0.0

equation: IXC4H3 + 02 <=> HCCO + CH2CO # Reaction 415
rate-constant: A: 1.63e+11, b: 0.0, Ea: -1799.71
equation: IXC4H3 + 02 <=> HCO + C2H2 + CO # Reaction 416
rate-constant: A: 1.7e+05, b: 1.7, Ea: 1500.96
equation: C4H4 + H <=> NXC4H3 + H2 # Reaction 417
rate-constant: A: 1.27e+05, b: 2.75, Ea: 1.164914e+04
equation: C4H4 + H <=> IXC4H3 + H2 # Reaction 418
rate-constant: A: 6.35e+04, b: 2.75, Ea: 1.164914e+04
equation: C4H4 + OH <=> NXC4H3 + H20 # Reaction 419
rate-constant: A: 0.0655, b: 4.2, Ea: -860.42
equation: C4H4 + OH <=> IXC4H3 + H20 # Reaction 420
rate-constant: A: 0.0328, b: 4.2, Ea: -860.42
equation: C4H4 + CH3 <=> NXC4H3 + CH4 # Reaction 421

rate-constant: A: 1.14e+05, b: 2.0, Ea: 9199.33
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equation: C4H4
rate-constant:
equation: C4H4
rate-constant:
equation: C4H4
rate-constant:
equation: C4H4
rate-constant:
equation: C4H2
rate-constant:
equation: C2H2
rate-constant:
equation: C6H2
rate-constant:
equation: C4H2
rate—-constant:
equation: H2C2
rate—-constant:
equation: H2C2
rate-constant:
equation: C2H3 +
rate-constant: A:
equation: 2 C2H3
rate-constant: A:
equation: 2 C2H3
rate-constant: A:
equation: 2 C2H3
rate-constant: A:
equation: 2 C2H3
rate-constant: A:
equation: C3H3 +

type: falloff

low-P-rate-constant: A: 2.6e+57, b:

CH3 <=> IXC4H3 + CH4 # Reaction 422

: 5.68e+04, b: 2.0, Ea: 9199.33

0 <=> AXC3H4 + CO # Reaction 423

: 6.25e+06, b: 2.0, Ea: 1900.1

0 <=> C3H2 + CH20 # Reaction 424

: 3.58e+04, b: 2.47, Ea: 929.73

0 <=> C3H3 + HCO # Reaction 425
1.95e+08, b: 1.36, Ea: 886.71

C2H <=> C6H2 + H # Reaction 426

: 7.8e+13, b: 0.0, Ea: 0.0

C4H <=> C6H2 + H # Reaction 427

: 7.8e+13, b: 0.0, Ea: 0.0

C2H <=> C8H2 + H # Reaction 428

: 7.8e+13, b: 0.0, Ea: 0.0

C4H <=> C8H2 + H # Reaction 429

: 7.8e+13, b: 0.0, Ea: 0.0

C2H4 <=> C4H6 # Reaction 430

1.0e+12, b: O.
C2H2 <=> C4H4
1.9e+14, b: 0.

0, Ea: 0.0
# Reaction 431

0, Ea: 0.0

C2H2 <=> NXC4H5 # Reaction 432

1.32e+12, b: 0.16, Ea: 8312.62

<=> C4H6 # Reaction 433

8.43e+13, b: 0.0, Ea: 0.0

<=> IXC4H5 + H
1.2e+22, b:
<=> NXC4H5 + H

2.4e+20, b:

-2.44, Ea:

-2.04, Ea:

# Reaction 434

# Reaction 435

<=> C2H2 + C2H4 # Reaction 436

9.6e+11, b: 0.

CH3 (+ M) <=> C4H6 (+ M)

0, Ea: 0.0
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1.536329e+04

# Reaction 437

-11.94, Ea: 9772.94



high-P-rate-constant: A: 1.5e+12, b: 0.0, Ea: 0.0
Troe: A: 0.175, T3: 1340.6, T1: 6.0e+04, T2: 9769.8
efficiencies: AR: 0.7, C2H6: 3.0, CH4: 2.0, CO: 1.75, C02: 3.6, H2: 2.0,
H20: 12.0
equation: C3H6 + C2H3 <=> C4H6 + CH3 # Reaction 438
rate-constant: A: 7.23e+11, b: 0.0, Ea: 5000.0
equation: C4H6 <=> IXC4H5 + H # Reaction 439
rate-constant: A: 5.7e+36, b: -6.27, Ea: 1.1235421e+05
equation: C4H6 <=> NXC4H5 + H # Reaction 440
rate-constant: A: 5.3e+44, b: -8.62, Ea: 1.2360899e+05
equation: C4H6 <=> C4H4 + H2 # Reaction 441
rate-constant: A: 2.5e+15, b: 0.0, Ea: 9.469885e+04
equation: PXC3H4 + CH3 <=> C4H6 + H # Reaction 442
rate-constant: A: 8.94e+07, b: 1.14, Ea: 1.23805e+04
equation: AXC3H4 + CH3 <=> C4H6 + H # Reaction 443
rate-constant: A: 2.83e+08, b: 1.06, Ea: 1.116157e+04
equation: C4H6 + H <=> NXC4H5 + H2 # Reaction 444
rate-constant: A: 1.33e+06, b: 2.53, Ea: 1.223948e+04
equation: C4H6 + H <=> IXC4H5 + H2 # Reaction 445
rate-constant: A: 6.65e+05, b: 2.53, Ea: 9239.96
equation: NXC4H5 + OH <=> C4H6 + 0 # Reaction 446
rate-constant: A: 2.2e+11, b: 0.0, Ea: 0.0
equation: C4H6 + 0 <=> IXC4HS5 + OH # Reaction 447
rate-constant: A: 7.5e+06, b: 1.9, Ea: 3740.44
equation: C4H6 + OH <=> NXC4H5 + H20 # Reaction 448
rate-constant: A: 6.2e+06, b: 2.0, Ea: 3429.73
equation: C4H6 + OH <=> IXC4H5 + H20 # Reaction 449
rate-constant: A: 3.1e+06, b: 2.0, Ea: 430.21
equation: C4H6 + CH3 <=> NXC4H5 + CH4 # Reaction 450
rate-constant: A: 2.0e+14, b: 0.0, Ea: 2.283461e+04
equation: C4H6 + CH3 <=> IXC4H5 + CH4 # Reaction 451
rate-constant: A: 1.0e+14, b: 0.0, Ea: 1.979924e+04
equation: C4H6 + C2H3 <=> NXC4H5 + C2H4 # Reaction 452
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rate-constant: A:
equation: C4H6 +
rate-constant: A:
equation: C4H6 +
rate-constant: A:
equation: C4H6 +
rate-constant: A:
equation: C4H6 +
rate-constant: A:
equation: C4H6 +
rate-constant: A:
equation: C4H4 +
rate-constant: A:
equation: C4H4 +
rate-constant: A:
equation: NXC4H5
rate-constant: A:
equation: NXC4H5
rate-constant: A:
equation: NXC4H5
rate-constant: A:
equation: NXC4H5
rate-constant: A:
equation: NXC4H5
rate—-constant: A:
equation: NXC4H5
rate-constant: A:
equation: NXC4H5
rate-constant: A:
equation: NXC4H5
rate-constant: A:
equation: NXC4H5

rate-constant: A:

5.0e+13, b: 0.0, Ea: 2.283461e+04

C2H3 <=> IXC4H5 + C2H4 # Reaction 453
2.5e+13, b: 0.0, Ea: 1.979924e+04

0 => AXC3H5 + CO + H # Reaction 454
7.66e+09, b: 0.88, Ea: 1140.06

0 <=> PXC3H4 + CH20 # Reaction 455
7.15e+04, b: 2.47, Ea: 929.73

0 <=> AXC3H5 + HCO # Reaction 456
3.89e+08, b: 1.36, Ea: 886.71

OH <=> AXC3H5 + CH20 # Reaction 457
3.75e+36, b: -7.8, Ea: 7060.23

H <=> NXC4H5 # Reaction 458

1.3e+51, b: -11.92, Ea: 1.650096e+04

H <=> IXC4H5 # Reaction 459

4.9e+51, b: -11.92, Ea: 1.770076e+04

<=> IXC4H5 # Reaction 460

1.5e+67, b: -16.89, Ea: 5.910612e+04

+ H <=> IXC4H5 + H # Reaction 461
3.1e+26, b: -3.35, Ea: 1.742352e+04

+ H <=> C4H4 + H2 # Reaction 462
1.5e+13, b: 0.0, Ea: 0.0

+ OH <=> C4H4 + H20 # Reaction 463
2.0e+12, b: 0.0, Ea: 0.0

+ HCO <=> C4H6 + CO # Reaction 464
5.0e+12, b: 0.0, Ea: 0.0

+ H202 <=> C4H6 + HO2 # Reaction 465
1.21e+10, b: 0.0, Ea: -595.12

+ HO2 <=> C4H6 + 02 # Reaction 466
6.0e+11, b: 0.0, Ea: 0.0

+ 0 <=> AXC3H5 + CO # Reaction 467
1.03e+13, b: 0.21, Ea: -427.82

+ 02 <=> C4H4 + HO2 # Reaction 468
1.34e+06, b: 1.61, Ea: -384.8
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equation: NXC4H5 + 02 => AXC3H5 + CO + O # Reaction 469
rate-constant: A: 3.03e+11, b: 0.29, Ea: 11.95
equation: NXC4H5 + 02 <=> HCO + C2H3CHO # Reaction 470
rate-constant: A: 4.58e+16, b: -1.39, Ea: 1015.77
equation: IXC4H5 + H <=> C4H4 + H2 # Reaction 471
rate-constant: A: 3.0e+13, b: 0.0, Ea: 0.0

equation: IXC4H5 + H <=> C3H3 + CH3 # Reaction 472
rate-constant: A: 2.0e+13, b: 0.0, Ea: 2000.48
equation: IXC4H5 + OH <=> C4H4 + H20 # Reaction 473
rate-constant: A: 4.0e+12, b: 0.0, Ea: 0.0

equation: IXC4H5 + HCO <=> C4H6 + CO # Reaction 474
rate-constant: A: 5.0e+12, b: 0.0, Ea: 0.0

equation: IXC4H5 + HO2 <=> C4H6 + 02 # Reaction 475
rate-constant: A: 6.0e+11l, b: 0.0, Ea: 0.0

equation: IXC4H5 + H202 <=> C4H6 + HO2 # Reaction 476
rate-constant: A: 1.21e+10, b: 0.0, Ea: -595.12
equation: IXC4H5 + 02 <=> CH2CO + CH2CHO # Reaction 477
rate-constant: A: 2.16e+10, b: 0.0, Ea: 2500.0
equation: IXC4H5 + 0 <=> C3H3 + CH20 # Reaction 478
rate-constant: A: 3.17e+13, b: 0.03, Ea: -394.36
equation: NXC4H5 + C2H3 <=> A1XC6H6 + H2 # Reaction 479
rate-constant: A: 1.84e-13, b: 7.07, Ea: -3611.38
equation: C4H6 + 0 => C2H4 + CH2CO # Reaction 480
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: C4H6 + OH => C2H5 + CH2CO # Reaction 481
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: C4H6 + OH => C2H3 + CH3CHO # Reaction 482
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: C4H7 <=> C4H6 + H # Reaction 483
rate-constant: A: 5.01e+31, b: -5.9, Ea: 3.878824e+04
equation: C2H4 + C2H3 <=> C4H7 # Reaction 484
rate-constant: A: 1.88e+06, b: 1.84, Ea: 3059.27
equation: C4H7 + H => C4H6 + H2 # Reaction 485
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rate-constant: A: 3.16e+13, b: 0.0, Ea: 0.0
equation: C4H7 + 02 => C4H6 + HO2 # Reaction 486
rate-constant: A: 1.0e+09, b: 0.0, Ea: 0.0

equation: C4H7 + CH3 => C4H6 + CH4 # Reaction 487
rate-constant: A: 8.0e+12, b: 0.0, Ea: 0.0

equation: C4H7 + C2H5 => C4H6 + C2H6 # Reaction 488
rate-constant: A: 3.98e+12, b: 0.0, Ea: 0.0
equation: C4H7 + AXC3H5 => C4H6 + C3H6 # Reaction 489
rate-constant: A: 6.31e+12, b: 0.0, Ea: 0.0
equation: C4H7 + HO2 => C4H70 + OH # Reaction 490
rate-constant: A: 7.0e+12, b: 0.0, Ea: -999.04
equation: C4H7 + CH302 => C4H70 + CH30 # Reaction 491
rate-constant: A: 7.0e+12, b: 0.0, Ea: -999.04
equation: C4H70 => CH3CHO + C2H3 # Reaction 492
rate-constant: A: 7.94e+14, b: 0.0, Ea: 1.900096e+04
equation: C4H70 => C2H3CHO + CH3 # Reaction 493
rate-constant: A: 7.94e+14, b: 0.0, Ea: 1.900096e+04
equation: PXC4H8 => AXC3H5 + CH3 # Reaction 494
rate-constant: A: 5.0e+15, b: 0.0, Ea: 7.099904e+04
equation: PXC4H8 + H => C4H7 + H2 # Reaction 495
rate-constant: A: 5.0e+13, b: 0.0, Ea: 3900.57
equation: PXC4H8 + OH => C4H7 + H20 # Reaction 496
rate-constant: A: 2.25e+13, b: 0.0, Ea: 2217.97
equation: PXC4H8 + 02 => C4H7 + HO2 # Reaction 497
rate-constant: A: 2.7e+13, b: 0.0, Ea: 3.320029e+04
equation: PXC4H8 + HO2 => C4H7 + H202 # Reaction 498
rate-constant: A: 1.4e+12, b: 0.0, Ea: 1.489962e+04
equation: PXC4H8 + CH3 => C4H7 + CH4 # Reaction 499
rate-constant: A: 1.0e+11l, b: 0.0, Ea: 7299.24
equation: C4H7 + H => PXC4H8 # Reaction 500
rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: C4H7 + HO2 => PXC4H8 + 02 # Reaction 501

rate-constant: A: 3.0e+11, b: 0.0, Ea: 0.0
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equation: PXC4H8 + 0 => CH3CHO + C2H4 # Reaction 502
rate-constant: A: 1.3e+13, b: 0.0, Ea: 850.86

equation: PXC4H8 + 0 => C2H5 + CH3 + CO # Reaction 503
rate-constant: A: 1.3e+13, b: 0.0, Ea: 850.86

equation: PXC4H8 + 0 => C3H6 + CH20 # Reaction 504
rate-constant: A: 7.23e+05, b: 2.34, Ea: -1049.24
equation: PXC4H8 + 0 => C2H5 + HCO + TXCH2 # Reaction 505
rate-constant: A: 1.3e+13, b: 0.0, Ea: 850.86

equation: PXC4H8 + OH => NXC3H7 + CH20 # Reaction 506
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: PXC4H8 + OH => C2H6 + CH3 + CO # Reaction 507
rate-constant: A: 5.0e+11, b: 0.0, Ea: 0.0

equation: PXC4H8 + OH => C2HS5 + CH3 + HCO # Reaction 508
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: PXC4H8 + OH => C2H5 + CH3CHO # Reaction 509
rate-constant: A: 1.0e+12, b: 0.0, Ea: 0.0

equation: IXC3H7 => C2H4 + CH3 # Reaction 510
rate-constant: A: 9.77e-09, b: 5.36, Ea: 1.702916e+04
equation: IXC3H7 => C3H6 + H # Reaction 511
rate-constant: A: 9.88e+18, b: -1.59, Ea: 4.034895e+04
equation: C3H6 + H => IXC3H7 # Reaction 512
rate-constant: A: 1.73e+13, b: 0.03, Ea: 1797.32
equation: C2H4 + CH3 => IXC3H7 # Reaction 513
rate-constant: A: 4.1e+11, b: 0.0, Ea: 7203.63
equation: IXC3H7 + 02 => C3H6 + HO2 # Reaction 514
rate-constant: A: 7.65e+11, b: -0.06, Ea: 5145.79
equation: HCO + OH => HOCHO # Reaction 515
rate-constant: A: 1.0e+14, b: 0.0, Ea: 0.0

equation: HOCHO => CO + H20 # Reaction 516
rate-constant: A: 2.45e+12, b: 0.0, Ea: 6.046989e+04
equation: HOCHO + OH => H20 + CO + OH # Reaction 517
rate-constant: A: 1.85e+07, b: 1.51, Ea: -962.0
equation: HOCHO + OH => H20 + C02 + H # Reaction 518
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rate-constant: A: 2.62e+06, b: 2.06, Ea: 916.11
equation: HOCHO + H => H2 + C02 + H # Reaction 519
rate-constant: A: 4.24e+06, b: 2.1, Ea: 4868.07
equation: HOCHO + H => H2 + CO + OH # Reaction 520
rate-constant: A: 6.03e+13, b: -0.35, Ea: 2988.05
equation: HOCHO => HCO + OH # Reaction 521
rate-constant: A: 3.471e+22, b: -1.542, Ea: 1.1070005e+05
equation: HOCHO + CH3 => CH4 + CO + OH # Reaction 522
rate-constant: A: 3.9e-07, b: 5.8, Ea: 2200.05
equation: HOCHO + 0 => CO + 2 OH # Reaction 523
rate-constant: A: 1.77e+18, b: -1.9, Ea: 2974.9
equation: CH302 + H => CH30 + OH # Reaction 524
rate-constant: A: 9.6e+13, b: 0.0, Ea: 0.0
equation: CH302 + 0 => CH30 + 02 # Reaction 525
rate-constant: A: 3.6e+13, b: 0.0, Ea: 0.0
equation: C2H5 + C2H3 => 2 C2H4 # Reaction 526
rate-constant: A: 6.85%9e+11, b: 0.11, Ea: -4299.95
equation: C2H3 + C2H5 => PXC4H8 # Reaction 527
rate-constant: A: 9.0e+12, b: 0.0, Ea: 0.0
equation: CH302 + C2H5 => CH30 + C2H50 # Reaction 528
rate-constant: A: 8.0e+12, b: 0.0, Ea: -1000.0
equation: C2H5 + 02 => CH3CHO + OH # Reaction 529
rate-constant: A: 826.5, b: 2.41, Ea: 5284.89
equation: AXC3H4 + 0 => C2H2 + CH20 # Reaction 530
rate-constant: A: 3.0e-03, b: 4.61, Ea: -4243.07
equation: AXC3H5 + C2H5 => C2H4 + C3H6 # Reaction 531
rate-constant: A: 4.0e+11, b: 0.0, Ea: 0.0
equation: H + C4H7 => C4H8X2 # Reaction 532
rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0
equation: C4H7 + HO2 => C4H8X2 + 02 # Reaction 533
rate-constant: A: 1.35e+13, b: -0.18, Ea: -924.0
equation: C4H8X2 + H <=> C4H7 + H2 # Reaction 534

rate-constant: A: 3.46e+05, b: 2.5, Ea: 2492.11
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equation: C4H8X2 + OH => C4H7 + H20 # Reaction 535
rate-constant: A: 6.24e+06, b: 2.0, Ea: -298.04
equation: C3H6 + 0 => CH3CHCO + 2 H # Reaction 536
rate-constant: A: 2.5e+07, b: 1.76, Ea: 76.0
equation: CH3CHCO + 0 => CH3CHO + CO # Reaction 537
rate-constant: A: 3.2e+12, b: 0.0, Ea: -436.9
equation: CH3CHCO + H => C2H5 + CO # Reaction 538
rate-constant: A: 4.4e+12, b: 0.0, Ea: 1458.89
equation: CH3CHCO + OH => C2H5 + CO02 # Reaction 539
rate-constant: A: 1.73e+12, b: 0.0, Ea: -1010.04
equation: CH3COCH2 => CH2CO + CH3 # Reaction 540
rate-constant: A: 1.0e+14, b: 0.0, Ea: 3.1e+04
equation: CH2CO + CH3 => CH3COCH2 # Reaction 541
rate-constant: A: 1.0e+11, b: 0.0, Ea: 6000.0
equation: 2 CH30 => CH30H + CH20 # Reaction 542
rate-constant: A: 6.03e+13, b: 0.0, Ea: 0.0
equation: CH30H + HO2 => CH20H + H202 # Reaction 543
rate-constant: A: 3.98e+13, b: 0.0, Ea: 1.94001e+04
equation: C2H2 + HCO => C2H3 + CO # Reaction 544
rate-constant: A: 1.0e+07, b: 2.0, Ea: 6000.0
equation: C2H3 + HO2 => CH2CHO + OH # Reaction 545
rate-constant: A: 1.0e+13, b: 0.0, Ea: 0.0

equation: C2H4 + 0 => C2H3 + OH # Reaction 546
rate-constant: A: 2.42e+11, b: 0.7, Ea: 8960.33
equation: C2H5 + 02 => C2H402H # Reaction 547
rate-constant: A: 2.42e+35, b: -8.03, Ea: 8311.9
equation: CH3CHO + OH => CH3 + HOCHO # Reaction 548
rate-constant: A: 3.0e+15, b: -1.08, Ea: 0.0
equation: C2H402H => C2H4 + HO2 # Reaction 549
rate-constant: A: 9.29e+30, b: -6.1, Ea: 1.992997e+04
equation: C4H6 + HO2 <=> C2H3CHOCH2 + OH # Reaction 550
rate-constant: A: 4.8e+12, b: 0.0, Ea: 1.4e+04

equation: C2H3CHOCH2 <=> C4H6023 # Reaction 551
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rate-constant: A: 2.0e+14, b: 0.0, Ea: 5.05999e+04
equation: C4H6023 => C2H4 + CH2CO # Reaction 552
rate-constant: A: 5.75e+15, b: 0.0, Ea: 6.929995e+04
equation: C4H6023 => SXC3H5CHO # Reaction 553
rate-constant: A: 1.95e+13, b: 0.0, Ea: 4.94001e+04
equation: SXC3HS5CHO => H + C2H3CHCHO # Reaction 554
rate-constant: A: 1.114e+18, b: -0.382, Ea: 8.639269e+04
equation: SXC3HS5CHO + H => C2H3CHCHO + H2 # Reaction 555
rate-constant: A: 1.7e+05, b: 2.5, Ea: 2489.96

equation: SXC3H5CHO => C3H6 + CO # Reaction 556
rate-constant: A: 3.9e+14, b: 0.0, Ea: 6.9e+04

equation: IXC4H5 + HO2 => C2H3 + CH2CO + OH # Reaction 557
rate-constant: A: 6.6e+12, b: 0.0, Ea: 0.0

equation: C4H8X2 + OH => C2H5 + CH3CHO # Reaction 558
rate-constant: A: 2.6e+13, b: 0.0, Ea: 0.0

equation: CH3CO + CH3 => CH2CO + CH4 # Reaction 559
rate-constant: A: 5.0e+13, b: 0.0, Ea: 0.0

equation: CH3CO (+ M) <=> CH3 + CO (+ M) # Reaction 560
type: falloff

low-P-rate-constant: A: 1.2e+15, b: 0.0, Ea: 1.252008e+04
high-P-rate-constant: A: 3.0e+12, b: 0.0, Ea: 1.671989e+04
Troe: A: 1.0, T3: 1.0, T1: 1.0e+07, T2: 1.0e+07

equation: C2H3CHO + CH302 => C2H3 + CO + CH30 + OH # Reaction 561
rate-constant: A: 3.01e+12, b: 0.0, Ea: 1.191993e+04
equation: C2H3CHO + 02 => C2H3 + CO + HO2 # Reaction 562
rate-constant: A: 1.005e+13, b: 0.0, Ea: 4.070005e+04
equation: HO2 + CH3COCH2 => 02 + CH3COCH3 # Reaction 563
rate-constant: A: 5.978e+10, b: 0.309, Ea: 1544.93
equation: CH3COCH3 + CH3 => CH3COCH2 + CH4 # Reaction 564
rate-constant: A: 3.96e+11, b: 0.0, Ea: 9783.94

equation: CH3COCH3 => CH3CO + CH3 # Reaction 565
rate-constant: A: 1.31e+42, b: -7.657, Ea: 9.466061e+04
equation: CH3COCH3 + 0 => CH3COCH2 + OH # Reaction 566
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rate-constant: A: 5.13e+11, b: 0.211, Ea: 4890.06

equation: CH3COCH3 + OH => CH3COCH2 + H20 # Reaction 567
rate-constant: A: 1.25e+05, b: 2.483, Ea: 445.03

equation: CH3COCH3 + HO2 => CH3COCH2 + H202 # Reaction 568
rate-constant: A: 1.7e+13, b: 0.0, Ea: 2.046009e+04
equation: CH3COCH3 + H => CH3COCH2 + H2 # Reaction 569
rate-constant: A: 9.8e+05, b: 2.43, Ea: 5159.89

equation: C2H3CHCHO <=> AXC3H5 + CO # Reaction 570
rate-constant: A: 1.0e+14, b: 0.0, Ea: 2.5e+04

equation: IXC3H5CO <=> TXC3H5 + CO # Reaction 571
rate-constant: A: 1.278e+20, b: -1.89, Ea: 3.446009e+04
equation: CH3CHCHCHO + CH3 => C2H3CHCHO + CH4 # Reaction 572
rate-constant: A: 2.1, b: 3.5, Ea: 5674.95

equation: CH3CHCHCHO + H => C2H3CHCHO + H2 # Reaction 573
rate-constant: A: 1.7e+05, b: 2.5, Ea: 2489.96

equation: CH3CHCHCHO + H => C3H6 + HCO # Reaction 574
rate-constant: A: 4.0e+21, b: -2.39, Ea: 1.117997e+04
equation: CH3CHCHCHO => C3H6 + CO # Reaction 575
rate-constant: A: 3.9e+14, b: 0.0, Ea: 6.9e+04

equation: CH3CHCHCHO + H <=> CH3 + C2H3CHO # Reaction 576
rate-constant: A: 4.0e+21, b: -2.39, Ea: 1.117997e+04
equation: MP2D + H => C2H3 + CO + CH20 + H2 # Reaction 577
rate-constant: A: 9.4e+04, b: 2.75, Ea: 6280.11

equation: MP2D + HO2 => C2H3 + CO + CH20 + H202 # Reaction 578
rate-constant: A: 4.04e+04, b: 2.5, Ea: 1.669001e+04
equation: H + MP2D <=> MP2J # Reaction 579

rate-constant: A: 1.0e+13, b: 0.0, Ea: 2900.1

equation: MP2D + OH => C2H3 + CO + CH20 + H20 # Reaction 580
rate-constant: A: 5.25e+09, b: 0.97, Ea: 1590.11

equation: MP2D + 0 => C2H3 + CO + CH20 + OH # Reaction 581
rate-constant: A: 9.65e+04, b: 2.68, Ea: 3716.06

equation: MP2D <=> C2H3 + CO + CH30 # Reaction 582

rate-constant: A: 1.0e+16, b: 0.0, Ea: 7.1e+04
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equation: H + MP2D <=> MP3J # Reaction 583

rate-constant: A:
equation: MP3J =>
rate-constant: A:
equation: MP2J =>
rate-constant: A:
equation: MMETHMJ
rate-constant: A:

equation: MMETHVJ

1.

Oe+13, b: 0.0, Ea: 2900.1

CH30CO + C2H4 # Reaction 584

3.

03e+13, b: 0.27, Ea: 3.488934e+04

MP3J # Reaction 585

5.

478e+08, b: 1.62, Ea: 3.876004e+04

=> CH20 + IXC3H5CO # Reaction 586

1.

23e+13, b: 0.375, Ea: 3.671367e+04

=> PXC3H4 + CH30CO # Reaction 587

rate-constant: A: 2.5e+13, b: 0.0, Ea: 4.99522e+04

equation: C2H6 + MMETHVJ => C2H5 + MMETHAC # Reaction 588

rate-constant: A: 4.567e+11, b: -0.02, Ea: -401.53

equation: HO2 + MMETHVJ => 02 + MMETHAC # Reaction 589

rate-constant: A: 9.524e+09, b: 0.14, Ea: -1827.2

equation: HO2 + MMETHPJ => 02 + MMETHAC # Reaction 590

rate-constant: A: 3.301e+10, b: 0.278, Ea: -110.9

equation: C2H6 + MMETHPJ => C2H5 + MMETHAC # Reaction 591

rate-constant: A: 0.3339, b: 3.768, Ea: 9065.97

equation: MMETHPJ
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:

equation: MMETHAC

=> AXC3H4 + CH30CO # Reaction 592

1.

+

3.

Oe+13, b: 0.0, Ea: 5.1et+04

CH302 => MMETHVJ + CH30 + OH # Reaction 593
O0e+09, b: 0.0, Ea: 9929.97

0 => MMETHMJ + OH # Reaction 594

.65e+04, b: 2.6, Ea: 3746.18

H <=> MMETHMJ + H2 # Reaction 595

.554e+08, b: 2.21, Ea: 8570.5

CH3 <=> MMETHVJ + CH4 # Reaction 596

.84, b: 3.5, Ea: 1.165989e+04

HO2 <=> MMETHPJ + H202 # Reaction 597

.379e+04, b: 2.55, Ea: 1.648996e+04

02 <=> MMETHMJ + HO2 # Reaction 598

.0e+13, b: 0.0, Ea: 5.228991e+04

CH30 => MMETHPJ + CH30H # Reaction 599
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rate-constant: A: 2.169e+11, b: 0.0, Ea: 6457.93

equation: MMETHAC + CH302 => MMETHMJ + CH30 + OH # Reaction 600
rate-constant: A: 2.379e+04, b: 2.55, Ea: 1.648996e+04
equation: MMETHAC + C2H5 <=> MMETHMJ + C2H6 # Reaction 601
rate-constant: A: 0.452, b: 3.65, Ea: 9141.01

equation: MMETHAC + HO2 <=> MMETHMJ + H202 # Reaction 602
rate-constant: A: 2.379e+04, b: 2.55, Ea: 1.648996e+04
equation: MMETHAC + H <=> MMETHPJ + H2 # Reaction 603
rate-constant: A: 2.06e+06, b: 2.69, Ea: 1394.85

equation: MMETHAC + CH3 <=> MMETHMJ + CH4 # Reaction 604
rate-constant: A: 1.0e+12, b: 0.0, Ea: 7299.24

equation: MMETHAC + H <=> MMETHVJ + H2 # Reaction 605
rate-constant: A: 2.37e+07, b: 2.02, Ea: 1.182309e+04
equation: MMETHAC + CH302 => MMETHPJ + CH30 + OH # Reaction 606
rate-constant: A: 2.379e+04, b: 2.55, Ea: 1.648996e+04
equation: MMETHAC + OH <=> MMETHPJ + H20 # Reaction 607
rate-constant: A: 6.98e+06, b: 1.77, Ea: 136.59

equation: MMETHAC + OH <=> MMETHVJ + H20 # Reaction 608
rate-constant: A: 4.524, b: 3.59, Ea: -368.07

equation: MMETHAC + 0 => CH3COCH2 + CH30CO # Reaction 609
rate-constant: A: 5.01e+07, b: 1.76, Ea: 75.76

equation: MMETHAC + OH => CH3COCH3 + CH30CO # Reaction 610
rate-constant: A: 1.37e+12, b: 0.0, Ea: -1039.67

equation: MMETHAC + 0 => MMETHPJ + OH # Reaction 611
rate-constant: A: 1.75e+11, b: 0.7, Ea: 5884.32

equation: MMETHAC + HO2 <=> MMETHVJ + H202 # Reaction 612
rate-constant: A: 3.0e+09, b: 0.0, Ea: 9929.97

equation: MMETHAC + C2H3 <=> MMETHMJ + C2H4 # Reaction 613
rate-constant: A: 301.5, b: 3.3, Ea: 1.05e+04

equation: MMETHAC <=> IXC3H5C0 + CH30 # Reaction 614
rate-constant: A: 4.3586e+15, b: -0.4947, Ea: 8.3788e+04
equation: MMETHAC <=> TXC3H5 + CH30CO # Reaction 615
rate-constant: A: 7.26e+15, b: -0.370, Ea: 7.2952e+04
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equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC
rate-constant: A:
equation: MMETHAC

rate-constant: A:

+

C2H3 <=> MMETHPJ + C2H4 # Reaction 616

301.5, b: 3.3, Ea: 1.05e+04

+

6

+

2.

0.

0 => MMETHVJ + OH # Reaction 617

.03e+10, b: 0.7, Ea: 7631.93

OH <=> MMETHMJ + H20 # Reaction 618

.11e-03, b: 4.28, Ea: -3420.89

CH30 => MMETHMJ + CH30H # Reaction 619
169e+11, b: 0.0, Ea: 6457.93

CH3 <=> MMETHPJ + CH4 # Reaction 620
453, b: 3.65, Ea: 7153.92

OH => MP2J + CH20 # Reaction 621

.37e+12, b: 0.0, Ea: -1027.72
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APPENDIX F

High pressure hybrid combustion rig

A post-combustion chamber with optical access was designed extend the pressure capabil-
ity of the developed method for spatially-resolving the thermochemical structure of hybrid
PMMA combustion. In-chamber measurements at elevated pressures of (5-20 bar) will re-
sult in a novel data-set at conditions relevant to hybrid rockets that can demonstrate the

pressure-dependance of the flow field and be compared to computational modelling results.

A CAD rendering of the high pressure test rig components is provided in Chapter 8§;
Figures F.2 and F.1 show the full assembly including the new high pressure post-combustion
chamber with optical access during preliminary hot fire tests. In Fig. F.1, the slot (seen
illuminated by the internal fire) provides the laser beam’s range of line-of-sight domain used

to obtain radially-resolved results via tomographic reconstruction.

274



3

Figure F.1 Hybrid rocket motor post-combustion chamber.
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Figure F.2 High pressure hybrid rocket test rig during a hot fire test with P, =
10bar.
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