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ABSTRACT OF THE THESIS

A comparative study on the auto-ignition of non-premixed dimethyl ether and ethanol
counterflow flames

by

Sukru Taha Aksoy

Master of Science in Mechanical and Aerospace Engineering

University of California San Diego 2022

Professor Kalyanasundaram Seshadri, Chair
Professor Forman A. Williams, Co-Chair

In this study, combustion behaviors and characteristics of ethanol, dimethyl ether (DME)
and their blends are investigated. Dimethyl ether and ethanol, the two fuels used for the study,
are isomers of Cr,HgO, which have the same molecular formula but distinct chemical structures.
The goal is to investigate and comprehend the differences, similarities and their interaction in
fuel mixtures. The chemical kinetic software tool Cantera is used for numerical computations in
the study. Prior experimental research data are reproduced and detailed analyses are conducted.
Counterflow diffusion flame simulations are employed in the study as the experimental research

utilizes a counterflow burner design. Auto-ignition simulation studies are conducted using San



Diego mechanism as chemical kinetic mechanism. The San Diego Mechanism is a condensed
chemical-kinetic mechanism utilized in combustion modeling applications, and it is developed
and hosted by the University of California San Diego combustion group. For the computational
studies a sub-mechanism for dimethyl ether(DME) is implemented to the main mechanism.
Across the simulations, fuels with various partial percentages are used but the overall mass
fraction remained constant at 0.4. For each fuel mixture, the oxidizer stream’s temperature at
autoignition is noted. Additionally, thorough investigations of the heat release rate analyses and
reaction rate analyses are done to identify the dominant reactions in various mixtures. Low and
high strain rate analyses are elucidated considering the dominant reactions identified in the heat
release rate analyses and reaction rate analyses. In low strain rate analyses, there is a series of
reactions related from CH3;OCH3(DME) with OH. The decrease of DME in the mixtures and
increasing competition of OH from ethanol decreases the magnitude of heat release. High strain
rate analyses show that, the dominance of ethanol related reaction, CH3CH OH reacts with Oy,
decreases from pure ethanol to pure DME. On the other hand, the additional DME reacts with

OH which increases its dominance.
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Chapter 1

Introduction

1.1 Overview

The non-premixed flame of ethanol and dimethyl ether(DME) is the focus of this research.
For the two alternative fuels and various mixes of them, the critical conditions of autoignition
are investigated using experimental data and data from computational simulations. The research
group supervised by Prof. Kalyanasundaram Seshadri at the University of California, San Diego,
acquired the experimental results of autoignition and extinction of the various fuel compositions
of Dimethyl-ether(DME)/Ethanol blends[1]. The thesis begins with an introduction to counter-
flow diffusion flames. Experiments and the experimental setup is explained in detail. Reaction
mechanisms including the sub-mechanisms of the alternative fuels used in the experiments, are
mentioned. In particular, the San Diego mechanism, developed by the combustion group directed
by Prof. Forman A. Williams, Prof. Kalyanasundaram Seshadri and Prof. Robert Cattolica [2].
The software program Cantera, is used to conduct numerical simulations to comprehend the
combustion behaviours of the fuels[3]. Numerical studies for defining the critical conditions of
autoignition, heat release analyses and investigations into reaction rates are all carried out. Heat
release bar graphs and reaction rate plots are used to demonstrate and evaluate the dominant
reactions for different fuel mixtures, including pure ethanol and pure dimethyl ether. The thesis
concludes with discussions of the results, along with ideas for possible future study topics. The

reactions of the San Diego mechanism can be found in Appendix A.



1.2 Scope of Study

The goal of the study is to elucidate the combustion behavior of dimethyl ether(DME)
and ethanol mixtures under low and high strain rate conditions. It is aimed to simulate the
critical conditions for autoignition. During the simulations San Diego mechanism is used, which
is developed by a group at University of California, San Diego. It is established through a
comparison of the simulation results with the existing experimental data that the San Diego
mechanism simulation results for autoignition that they are compatible with the experiment.
These studies contribute to a thorough understanding of the interactions between ethanol and
dimethyl ether and their mixtures, which could be useful for the usage of these isomers as

alternative fuels.

1.3 Outline of Thesis

This study is a comparative study on the autoignition of non-premixed dimethyl ether
and ethanol counterflow diffusion flames. The thesis starts with an introduction about diffusion
flames and counterflow diffusion flame configuration. Also a brief explanation of chemical
reaction mechanisms and the experiment that is used to compare with simulation data. Following
the experiment introduction the experimental setup is also explained in detail. Cantera, which is
the software tool used in numerical simulations is represented. Formulation of the simulations,
calculations and procedure is discussed. Finally the results for simulations are discussed. Starting
with the autoignition results, considering that it is examined as low strain rate autoignition
analysis and high strain rate autoignition analysis separately. Last part is about the conclusion

and future work.



Chapter 2

Counterflow Diffusion Flames

Counterflow flames are divided in two configurations, premixed flames and non-premixed
flames. Counterflow non-premixed or also called diffusion flames are the ones that occur when
the flow of fuel and air is parallel and in the opposite directions. Laminar counterflow diffusion
flames offer a plethora of significant knowledge regarding the fundamental characteristics of
non-premixed combustion. In terms of research studies and experimental use, non-premixed
flames are more practical than premixed flames.

About the formation of the counterflow diffusion flames, when the two opposing streams
collide, a perpendicular plane arises where the momentum of the fuel side and the momentum
of the air side interact and generate a stagnation plane. The momentum ratio between the fuel
stream and the oxidizer stream determines the position of the stagnation plane.

Stochiometric plane refers to the plane where a flame is forming as a result of the
reactions between the fuel and oxidizer. This is the position where the diffusion fluxes of oxidizer
and fuel are balanced.

The flame appears to be a flat disc since the streams are flowing from cylindrical nozzles,
creating an axisymmetric flows. As a result of the flow properties, the flame is considered as
relatively one-dimensional. Detailed explanation about the one dimensionality and equations
can be found at Section 2.3. Due to the fact that they exhibit a diffusion flame structure that is

one dimensional, counterflow diffusion flames are frequently used in experiments. Counterflow



burners are the equipment to create counterflow flames. The duration of the chemical reaction
and the velocity of the fuel and oxidizer flows are the key determinants of combustion in counter
flow burners [4].

The counter flow configuration is shown schematically in figure 2.1. In the illustration
2.1, two opposing streams can be seen. The stream exiting the fuel duct is referred as the fuel
stream, and the stream exiting the oxidizer duct is defined as the oxidizer stream. The flow
assumptions that make the counterflow configuration calculations practical, are that the flow is

steady, laminar and axisymmteric.

Oxidizer

TEe T oo ==+~ Stagnation Plane

Fuel

Figure 2.1. Counter flow configuration illustrated schematically.

2.1 Strain Rate

The normal gradient of the normal component of flow velocity is defined as the strain
rate. The strain rate is computed utilizing each stream’s velocity for oxidizer and fuel streams. In
this study one will focus on oxidizer strain rate. The equation for calculating the oxidizer strain

rate is given at equation (2.1)

2|V, ( \Vl\\/P1>
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At equation (2.1) the subscript ”’;” corresponds to the fuel side and subscript 7" refers
to the oxidizer side. Vi [%] and V; [%] are respectively the normal components of the stream
velocities for fuel duct and oxidizer duct. L [m] denotes for the distance between the ducts of the
counterflow burner. The oxidizer strain rate a, can be calculated using the equation (2.1). This
oxidizer strain rate equation is derived using asymptotic theory in with the assumption that the

laminar flows at the duct outlets have high Reynolds number values. [5]

PV = paVs 22)

Equation (2.1) can be simplified and reduced to (2.3) using the momentum balance
equation (2.2). Thanks to the reduced equation (2.3), the oxidizer strain rate can be calculated
using the velocity of oxidizer flow and the distance between ducts.

4V,

a=—7" (2.3)

2.2 Damkohler Number

Damkohler number, Da introduced by Gustave Damkohler, is defined as the fraction
of the flow time to reaction time. Flow time is regarded as characteristic aerodynamic time, .
Reaction time is the characteristic chemical time, ¢, which includes the convection and diffusion
process. Chemical time, 7. is reliant on the fuel and determines the reactivity of the fuel. Reactant

transport and mixing time, 7, is influenced by the flow field’s characteristics.

Dg—a (2.4)
fe

If one consider two edges of the Damkohler number, low Damkohler number, Da < 1,
signifies slow chemical reactions and high Damkohler number, Da >>> 1, signifies rapid chemical

reactions. When diffusion flames are taken into account, the Damkohler number is high due to



the nominator of the Damkohler number, 7,, mixing and transport duration is very large.

Strain rate could be used to control the Damkdhler number. For instance, increasing the
strain rate results in a rise in velocity, as can be remembered from the equation (2.3). Increased
velocity means that the flow time will decrease which is one of the two parameters of the
Damkohler number. In other words, one could conclude that the Damkohler number can be

controlled by altering the strain rate.

2.3 Governing Equations of Counterflow Diffusion Flames

This section covers the governing equations used to compute one dimensional counterflow
diffusion flames.

The one dimensional flame solution procedure is also used in the source codes of Cantera.
Simulations conducted in this thesis are based on these calculations and procedure. The axisym-
metric flow geometry is depicted in figure 2.2. Across the variables of the governing equations; u
corresponds to the axial velocity, v corresponds to the radial velocity, T as temperature and Y} is
the mass fraction of species k. Boundaries are located at z = 0 and z = L. The variables u, 7" and
Y} are independent of » which means their partial derivatives of radial direction in the governing
equations can be eliminated. The radial velocity is linear in direction r and usually zero. The
mach number is very low, so pressure variable P is nearly constant. Considering the limits one
can say: Ma < 1 and 11—3 < 1. Ain the pressure equation of equation (2.5) is a constant, identified
as a component of the solution.

2
u=u(z), v=rV(z), T=T(z), Yi=Y(z), P= P0+A§ (2.5)

Governing flow equations reduce from partial derivative equations(PDE) to ordinary
derivative equations(ODE) when similarity solution is applicable[6],[7]. After the elimination
process using the assumptions coming from the conditions. The governing equations reduce to

only in axial coordinate z where the continuity equation can be seen in equation (2.6), momentum



equation in equation (2.7), species equation in equation (2.8) and energy equation in equation

(2.9) [8].
o d
Continuity : d—(pu) +2pV =0 (2.6)
4
Radial Momentum : p(il—‘t/ = diz (“(:1_:) —A—puccll—‘zl —pV? 2.7)
Y, Y, ]
Species : p% = —pu(L—Zk — (:1—]; + Wiwy (2.8)
dr dr d dT ) . dT
Energy: pcpa = —pcpud—Z + & (l d_z) — ZWkahk — Z]kcp’kd_z (2.9)

Finite Difference Methods (FDM) are methods used to solve differential equations
numerically. For various terms, Cantera employs the following numerical finite difference
techniques. Upwind finite difference method is used for convective terms; ‘é—‘z/, %" and ‘é—f. For
the diffusive terms in the governing equation 1 central difference method is used as numerical
method.

The fuel and oxidizer properties needs to be provided and after defining the solution

domain and boundary conditions, these differential equations (2.6), (2.7), (2.8) and (2.9) are

solved numerically as described above, to compute one dimensional flame solutions.



Figure 2.2. Axisymmetric flow geometry of Counterflow Configuration



Chapter 3

Reaction Mechanisms

A reaction mechanism—also known as a chemical-kinetic mechanism—is a set of
elementary reactions between distinct species that are shown to take place during combustion
of a fuel. In complex series of reactions, step wise sequences of reactions occur. Every single
reaction, referred to as an elementary reaction, consists of one, two molecules, or radicals.
The reactions mechanism is the general pattern of elementary reactions. The rate of a reaction
typically changes when the concentration of the components involved changes and also with
temperature and pressure changes. Mathematically, this effect is demonstrated via a rate equation.
All reactions have a step or elementary reaction that determines their rate which is can be also
called elementary rate-determining process. All the species engaged in elementary processes
including this step are included in the rate equation. As a reaction develops, the concentrations
of the reactants and products change, which causes the reaction’s rate to change as well. This
also implies that the rate of a reaction can be determined in terms of the reduction of the reactant
concentrations or the enrichment of the product concentrations. Rate Laws or Rate Equations are
terms used to describe the formulations and relationships. The key to developing a mechanism is
the rate at which the reactants are turned into products as well as figuring out the various ways
that each species is produced and consumed.

There are different mechanisms which are including the species DME & Ethanol. Alterna-

tively, it is possible to implement sub-mechanisms to previously developed reaction mechanisms



to involve different species. Naming a few of them; a thorough chemical kinetic mechanism was
created and verified by comparison to experiment results by Lawrence Livermore National Labo-
ratory(LLNL), the mechanism of National University of Ireland, Galway named AramcoMech
and lastly the San Diego Mechanism built on the principle of reducing the number of species,

developed by the University of California, San Diego.

3.1 DME & Ethanol Mechanisms

Several mechanisms have been developed for the species DME and ethanol by diverse
groups all over the world. The San Diego Mechanism, which was developed to be a relatively
short mechanism for use in situations where larger mechanisms become impracticable due to the
fact that larger mechanisms need hundreds of rate constants. Numerical simulations using the
San Diego Mechanism are done in this study, to see the analogy between the experiment results

and the San Diego Mechanism numerical computations.

3.1.1 San Diego Mechanism

San Diego Mechanism was developed with the aim of lowering the number of species
and, consequently, the quantity of reactions for combustion researches. It is a viable choice
among chemical kinetic mechanisms, particularly when operating larger mechanisms would
take too much time. The San Diego mechanism is used to perform kinetic modeling of the two
fuels, ethanol and dimethyl ether in this study. Reactions relevant to ethanol combustion are
first introduced to the existing San Diego Mechanism in 2004 [9]. Later, further revisions and
enhancements to the ethanol chemistry and combustion are done. Saxena et al. [10] has more
information on the oxidation and decomposition of ethanol. Dimethyl ether, was also not included
in the San Diego mechanism. In the work of J.C. Prince and F.A. Williams [11] , the fundamental
San Diego Mechanism remained unaltered. The combustion of DME and its mixes with C1-C3
alkanes is successfully simulated with just the essential reaction additions. The mechanism

includes the essential species and reactions for the simulations after the implementation of a

10



sub-mechanism for DME. San Diego sub-mechanism for DME is a short kinetic mechanism
involving 5 species and 14 reactions[12]. The elementary steps for DME sub-mechanism can
be seen in table 3.1. Detailed information about the decomposition of dimethyl ether can be
found in the research of J.C. Prince and F.A. Williams [11]. Despite being a relatively brief
sub-mechanism, it is remarkably beneficial due its due to its usefulness and simple structure.
Accordingly complete San Diego mechanism with the addition of DME sub-mechanism, used in

the simulations comprises 63 species and 284 reactions[2].

3.1.2 Other DME & Ethanol Mechanisms

One of the aforementioned mechanisms was developed by LLNL(Lawrence Livermore
National Laboratory) is a dependable mechanism that has been proven across a wide range of
parameters. This DME kinetic mechanism comprises of 251 reversible reactions and 49 species.

AramcoMech, a mechanism Developed by Curran et al., at NUI Galway. [13], is another
very comprehensive mechanism. It is stated that a vast spectrum of experimental measures
have been used to verify this mechanism. AramcoMech mechanism is a comparatively large

mechanism with 766 reversible steps and 125 species.

Table 3.1. Table of DME sub-mechanism elementary reactions.

R# Reaction

CH;0CH3 < CH30 + CHj;

CH;0CH3+ O, < CH30CHy +~HO»
CH3OCH3+ OH < CH30CH, + H,O
CH3OCH3 + CH3 < CH3;0CH, + CH,4
CH3OCHs + H < CH3;0OCH, + H>
CH;0CH3+HO, < CH30OCH>, +H>0;
CH;0CH, < CH,0 + CHj;

CH;0CHy+ O, < CH,O+ CH,O+ OH
CH3OCH, + Oy < CH30CH,0»

CH3;0CH»,0; +CH30CH»03 < 02 +2CH30 +2CH,0
CH;0CH,0, < CH,OCH,O,H
CH,OCH,0O,H < CH,O+CH>0 + OH
CH,OCH,O,H + O, <& HO,CH,OCHO + OH
HO,CH,OCHO < CH,O+CO,+OH +H

0NN N W

p— e \O
A WD = O

11



Chapter 4

Numerical Simulation and Experiment

This section describes the experiments and computational investigations carried out for
research studies. The Damkohler number, which was covered in the preceding sections, is a
key parameter in combustion investigations. The followed procedure in the experiments and
computational simulations is about controlling the Damkdohler number. Oxidizer strain rate is
used to control the Dahmkohler number. It is discussed in the section about Dahmkohler number,
the increasing strain rate could decrease mixing and transport time so that Dahmkohler number

could be decreased.

4.1 Experimental Setup

The main equipment of the experiment setup is the counter flow burner beside with fuel
delivery system and oxidizer delivery system. Additionally, in order to improve the precision of
experiment, a command software called LabView is used to control the experiment. This program
allows for the recording of all input and output data as well as the calibration of mass flow
controllers. One may view the real-time experiment data due to its graphical user interface. The
counterflow configuration’s schematic illustration was described in prior sections. To decrease
the influence of ambient air on the reactive field, the fuel and oxidizer nozzles are concentrically
positioned and surrounded by annular ducts. Thermocouples of the R — type(Pt/13%RhPt)

were utilized in the tests. The cumulative uncertainty of the measurements with the R — type

12



thermocouples are accurate within £50K. The intrinsic accuracy of R — type thermocouples
is considered when evaluating the uncertainty. A slight vacuum is created in the combustion
zone that draws the combustion gases out without affecting the flame. The experiment setup also
includes a water cooling system to aid in reducing the exhaust gases’ reactivity prior to their

release into exhaust system.

MFC
Curtain |
Mk Oxidizer
Duct /Thermocouple
AR v
MFC L e Flame
MFC \Thermocouple
_‘_ . Fuel
Vaporizer Water Duct —> | Exhaust
N, DME
—<—
M Water
Outlet
Curtain
MFC

Syringe Pump |

Figure 4.1. The experimental setup equipped with a counter flow burner is depicted
schematically.

Previous research conducted by Prof. Seshadri’s group at the University of California,
San Diego, where the burner was designed, has in depth details and information regarding its

design (e.g. [14][15].)

13



4.2 Experiments

Autoignition and extinction experiments were performed by Prof. Seshadri’s group at the
University of California, San Diego[1]. The fuel delivery(supply) mechanism for ethanol and
dimethyl ether in the experiments operates as follows. Ethanol is provided via a syringe pump
that is connected to the vaporizer and supplied to the fuel duct as gas. Dimethyl ether is provided
from high pressure container and also nitrogen, which is used for curtain flow. Air is supplied

from the oxidizer nozzle as the oxidizer using an air delivery system.

4.2.1 Autoignition Experiments

During the autoignition experiments a certain mixture fraction is selected and the strain
rate was maintained constant. Throughout the experiment the oxidizer stream’s temperature is
enhanced to monitor the autoignition’s critical conditions. In order to capture correct autoignition
temperature, a high-speed camera is placed up along the centerline, where the maximum temper-
atures are detected. In table 4.1 the fuel composition for all autoignition simulation studies can
be seen. The autoignition experiments are carried out for a total of 7 distinct blends, starting
from pure ethanol to pure dimethyl ether with an increase of 20 percent of the dimethyl ether
mass fraction.

Table 4.1. Fuel composition for all autoignition simulation studies.

YE thanol YDM E

1 1,00 0,00
2 0,80 0,20
3 0,60 0,40
4 040 0,60
5 0,20 0,80
6 0,00 1,00

14



4.3 Cantera

Cantera is an open source software package of multiple tools for chemical kinetics,
thermodynamics and transport processes problems developed at the California Institute of
Technology. Some capabilities of Cantera are as follows; one-dimensional flames, multiphase
chemical equilibrium, homogeneous and heterogeneous chemistry, reactor networks, reaction
path diagrams and electrochemistry [3].

Fast and efficient algorithms in this object-oriented structured tool allow users to rapidly
integrate thorough chemical thermo-kinetics and transport models into their computations. Also
it is compatible with the widely used chemical kinetics software tool Chemkin.

Cantera offers a variety of user-friendly interfaces. It supports usage from Matlab and
Pyhton, or applications developed in Fortran 90, C/C++ and it can be also used with commercial
CFD packages(e.g. Fluent). Cantera is still under development, and new features are constantly
being added.

The software may be used for a variety of purposes, including developing customized
reacting-flow codes and obtaining answers to simple investigative queries due to its practicality
and simplicity. Most important features of Cantera are the extensibility and customization.
It is possible to perform simulations using your own kinetics models, transport models, or
thermodynamic models. One can make reaction path diagrams and do simulation of multi-
phase fluids. The program has several applications in areas such as combustion, detonations,

electrochemical energy, plasmas etc.

4.4 Numerical Simulation Studies

Autoignition simulation codes are developed using Cantera software. San Diego mecha-
nism is used in the simulations as the chemical kinetic reaction mechanism for computational
combustion studies. The kinetic modeling simulations are carried out for various DME/Ethanol

mixtures, including pure dimethyl ether and pure ethanol. In order to analyze the reaction
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mechanisms numerical results, experimental results from the study of A. Loukou et al [1] are

reproduced using Cantera software.

4.4.1 Formulation of Simulation(Calculations)

The calculation procedures of autoignition analyses are described according to the San

Diego Mechanism.
4.4.1.1 Autoignition Simulations

Calculations for autoignition analysis start at a constant strain rate and with initial temper-
atures of the experiment conditions for fuel inlet and oxidizer inlet. The velocities of the inlets
are calculated by following the San Diego Mechanism. The oxidizer inlet velocity is calculated
using the equation 2.1. Thereafter the fuel velocity is calculated using the momentum balance
equation 2.2. The mass flow rates will be computed and the initial counterflow diffusion flame
conditions will be specified in order to obtain the first solution. The autoiginiton temperature is
then sought after following these steps using an iterative loop. In each iteration, it is ensured that
the momentum balance is satisfied. The iterations continue to increase the temperature of the
oxidizer until the flame is autoignited. At least five alternative strain rates are analyzed in the
numerical simulations for each composition of dimethyl ether and ethanol blends.

Calculations for the flame solutions are conducted under refined grid condition of the
Cantera software. Cantera has used between 60 and 90 grid points for the calculations at low

strain rate and for the high strain rate calculations between 100 and 120 grid points are used.
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Chapter 5

Results and Discussion

In the following sections one can see figures and plots discussing and comparing the

simulation data and the experimental data from the study of A. Loukou et al [1].

5.1 Numerical Simulation Results compared with Experi-
ments Data

Numerical simulation studies are performed for autoignition of mixtures of ethanol and
dimethyl ether. For the autoignition experiments the conditions were as follows; fuel stream exit
temperature was 400K (3-20K), the fuel mass fraction was Yr | = 0.40, and the duct separation
was L = 14.5mm. For oxidizer, air was used, so the mass fraction for oxidizer was Yy, » = 0.233.
Autoignition experiments were performed by increasing the boundary temperature of the oxidizer
T5 until autoignition is occurred at a fixed strain rate, a;. During experiments the adjustment of
the velocities of the oxidizer and fuel flow has been done to keep the momentum balanced.

The experiment process was performed for various mixtures of dimethyl ether and ethanol
as well as on various strain rate, a, values.

These studies investigated a variety of DME/ethanol blends, starting with pure ethanol
and progressively enhancing the mass fraction of DME in the mixture by 0.20 up to pure DME,
whereas the fuel mass fraction Yz was held constant at 0.40. Table 4.1 displays the tested blends.

The measurements in the experiments were made utilizing the counter flow burner method.
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The objective of the present work was to provide numerical simulation results from
diffusion flames of DME and ethanol mixtures. Heat release rate analyses and reaction rate
analyses are made at the heat release rate peak grid locations for all of the mixtures. As will
be discussed in the following sections, certain mixtures had multiple peaks. Every peak in the
mixture is therefore examined at its corresponding grid point location. The number of reactions
to include in the heat release studies is determined based on how much of the total heat release
the selected reactions contribute. It is not necessary to check the contribution of all reactions.
Therefore, the cutoff percentage is picked as %80. Only the contribution of reactions for heat
release in the top %80 is taken into analysis. The quantity limit for dominant reactions is thus set

as ten reactions for the analyses.

5.1.1 Autoignition Results

One can observe the overall results of the autoignition temperature values in Figure 5.1.
It can be seen that at low strain rates, %100 ETH has the highest autoignition temperature and
at high strain rates, %100 DME has the highest autoignition temperature. The temperature of
autoignition rises as DME content in the mixture increases. Detailed information about the
results will be discussed in the following sections.

Low strain rate and high strain rate autoignition analyses are separated to perform
autoignition analyses. The simulations are carried out at a constant pressure of latm. Low strain
rate simulations are performed at a value of 82.78s!, while high strain rate simulations are run
at a value of 246.78s~!, which are the values from the experimental data in the research of A.
Loukou et al [1]. Heat release and autoignition temperature have the following relation. The
temperature required for autoignition will be lower if the fuel’s heat release is higher. Therefore,
it is not needed to reach high temperatures for ignition in order to provide more heat to ignite
the fuel. In other words, if the fuel itself releases enough heat, it is not needed to achieve high
temperature for ignition. The importance of heat release analyses are to examine the relation

between heat release and autoignition temperature. Knowing which reaction is dominant at the

18



1180

1160

1140

[ B %100DME-Exp
—— %100DME-Num
B %20ETH\%80DME-Exp
= = %20ETH\%80DME-Num
% %40ETH\%60DME-Exp
= = 9%40ETH\%60DME-Num
A °660ETH\%40DME-Exp
- = 9%60ETH\%40DME-Num
9%80ETH\%20DME-Exp
%80ETH\%20DME-Num
%100ETH-Exp
%100ETH-Num

1120

Temperature at Auteignition[K]

1100

1080

1060

100 150 200 250
Oxidizer Strain Rate[1/s]

Figure 5.1. Autoignition temperatures of different mixtures from pure Ethanol to pure DME as
a function of oxidizer strain rate.

onset of autoignition is beneficial for combustion studies. Figure 5.1 shows the autoignition
temperatures as a function of the oxidizer strain rate for the computational simulation results and
experimental data. In the numerical simulation results one can observe in figure 5.1 that at low
strain rate value, pure ethanol has higher autoignition temperature than pure DME. On the other
side it can be seen in figure 5.2 that pure ethanol has lower heat release value than pure DME.
In figure 5.1 for autoignition temperatures at high strain rate, we observe that pure ethanol has
lower autoignition temperature than pure DME, conversely for pure DME we observe higher
autoiginition temperature. When comparing the heat release values, it can be seen that pure

ethanol has higher heat release and pure DME has lower heat release. The results indicate that
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the obtained numerical simulation outcomes are consistent with the aforementioned relation
about heat release and autoigniton temperature. In the next two sections, the causes of these

combustion characteristics will be examined.
5.1.1.1 Low Strain Rate Autoignition Results

The San Diego Mechanism including the dimethyl ether(DME) sub-mechanism, com-
prises 284 reactions. The reactions of the San Diego Mechanism with the DME sub-mechanism
implemented can be found in table 1 at Appendix A. The heat release analyses of dominant reac-
tions are carried out, to determine which reaction is more potent on a given mixture. In addition,
to comprehend which reactions are responsible for the heat release peaks. Also specifically, the
causes behind the reactions to be dominant are investigated. The reasons could be the reaction
rate of the dominating reaction, either forward or reverse, or the concentration of the reactants
and products. Detailed reaction rate simulation studies are conducted to find the causes.

Low strain rate studies are performed at a strain rate value of 82.78s~! and at a tempera-
ture of 1000K. The analyses about the low strain rate autoignition results are starting with total
heat release analyses. Figure 5.2 illustrates the comparison between the heat release of pure
ethanol and the heat release of pure DME, which shows a single heat release peak for pure DME
and three heat release peaks for pure ethanol, one negative heat release peak and two positive
heat release peaks. Additionally, one can see that the magnitude of maximal heat release of
pure ethanol is 10™* times lower compared to the magnitude of maximal heat release of pure
DME. %100 ethanol has a maximum heat release rate value of 115%, whereas %100 DME has
a maximum total heat release rate value of 6.8 x 106%. Further analyses are conducted to study
the combustion characteristics of the mixtures.

There is no flame showing in the reactive field and the temperature profiles throughout
the whole grid are similar as depicted in figure 5.3. From the temperature profiles of the blends
in figure 5.3 and from the heat release plots in figure 5.2, it can be stated that the peak of heat

release of pure DME is shown to have occurred at 750K and the temperatures where the peak of
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Figure 5.3. Temperature values of %100 DME and %100 Ethanol blends over all grid points for
low strain rate.

The mass fraction decrease of the fuels DME and ethanol is proportionate when compar-
ing the boundary values and the inner mass fraction values of the fuels while the transition from
pure DME to pure ethanol is discussed, as illustrated in figure 5.4.

From %100 DME to %100 Ethanol there is an evolution of a high temperature heat
release peak. Figure 5.5 shows the development of the high temperature heat release peak with
the raise of ethanol in the blend. Also the heat release value is decreasing when the blend’s
ethanol content rises. The causes of the high temperature heat release peak’s growth is examined.

For each mixture, dominant reactions that had a role in the peaks of heat release are investigated.
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On figure 5.6, it can be seen that the total heat release value is decreasing with the
addition of ethanol to the mixture. The most prevalent leading reaction of positive heat re-
lease for %100DME, %80DME-%20Ethanol and %60DME-%40Ethanol is reaction R279 :
CH3OCH, + O, => CH30CH, 0. The influence of this reaction, which comes from the DME
sub-mechanism, is waning while still being the most influential as the ethanol level rises in the
mixtures %80DME-%20Ethanol and %60DME-%40Ethanol. Moreover R273 : CH;0OCH3 +
OH <=> CH330CH;, + H,0 and R282 : CH,OCH,02H <=> CH>0O + CH>0 + OH are dom-
inant reactions of the positive heat release data. R281 : CH30OCH,0, <=> CH,OCH,0,H is

the reaction that dominates when the negative heat release is taken into account. Reaction rate
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Figure 5.6. Heat release and dominant reactions shown in each mixture for %60 DME-%40
ETH %80-%20 ETH DME and %100 DME for low strain rate.

figure 5.7, shows that in line with the aforementioned statement about the dominance of the

reactions, the highest reaction rates for the blends %100 DME, %80DME-%?20Ethanol and
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%60DME-%40Ethanol are R279, R273 and R282. Similar to the decrease in the heat release
maximal values while Ethanol is added to pure DME, the reaction rate maximal values are
decreasing. For reactions R279 and R282, the forward reaction rate is dominant but the forward
reaction rate constant is steady, nearly identical for the reactions. Further investigations indicate
that the concentrations of the reactants, CH30OCH, and CH,OCH,O,H, are reducing which

explains why the reaction rate value is declining as can be seen in figure 5.7. Comparison of the
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Figure 5.7. Left: %100DME Reaction Rate Values for low strain rate. Middle: %80 DME-%20
ETH Reaction Rate Values for low strain rate. Right: %60 DME-%40 ETH Reaction Rate Values
for low strain rate.

three mixtures reveals, reaction R273 has the highest reaction rate. The reactants of R273 are
CH3OCH3 and OH. It can be seen that the forward rate of the reaction is dominant to the reverse
rate from figure 5.7. The analyses show that the forward reaction rate constant for reaction
R273 remains nearly steady. The primary reason of the decrease of the reaction rate is with the
decrease of the inlet mass fraction of CH;OCH3.

All important reactions related to DME in heat release are shown in figure 5.8. In fact,

the decrease in inlet mass fraction of DME causes a chain effect of important reactions in heat
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Figure 5.8. Important reactions in heat release related with dimethyl ether.

release and most of them cause positive influence in heat release. Therefore, when the mixture is
changing from %100DME to mixtures with more ethanol, decline in DME percentage causes
the heat release decrease. Additionally, there is competition for OH species between ethanol
and DME at the initial DME reactions stage(R273). When ethanol is added to the mixture, OH
is also consumed with C; HsOH 1in reactions R171 and R173. These reactions are getting more
dominant as ethanol percentage in the mixture is increased. Reaction rate analyses indicate that
the forward reaction rate constants of the reactions R171 and R173 are increasing and also the
concentration of ethanol species is increasing, therefore their reaction rates are increasing. Since
both DME reactions and ethanol reactions are using OH as reactant, the addition of ethanol to
the mixture causes a competition which results with a decrease of dominance of DME related
reactions. The net reaction rate values of OH related dominant reactions for the mixtures %100
DME, %80 DME-%20 ETH and %60 DME-%40 ETH are shown in the bar graphs in figure 5.9.
As can be observed from figure 5.9 the reactions R171 and R173 start to be more dominant as

ethanol is added to the mixture.
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In Figure 5.5 one can start to observe the second heat release rate peak clearly at the
mixture %60 Ethanol-%40 DME. The heat release rate bar graphs of %60 Ethanol-%40 DME
and %80 Ethanol-%20 DME are shown in figure 5.10. When comparing these two mixtures,
it can be seen that the maximal heat release rate value is decreasing and in the meantime at
%60 Ethanol-%40 DME the total heat release rate value of the low temperature heat release
peak is higher than the high temperature heat release peak but for %80 Ethanol-%20 DME the
maximal heat release rate value of the high temperature heat release peak is greater than the low
temperature heat release peak. As depicted in figure 5.10, one can see that R279 is still the most
dominant reaction for the low temperature heat release peak in %60 Ethanol-%40 DME but for
%80 Ethanol-%20 DME it loses its dominance since it is a reaction from the sub-mechanism
of DME and its influence is waning as the DME proportion in the blend lessens. R282 is also
one of the reactions that dominates %60 Ethanol-%40 DME, but when the DME content goes
from %40 to %20, its dominance also diminish. For the reactions which have negative effect
on heat release, one can still see R186 and R281 as dominant reactions for the low temperature
heat release peak. One begins to witness R277 and R16 in addition to R186 as high temperature
heat release peak dominating reactions on the negative heat release. Reaction rate plots of the

mixtures at figure 5.11 gives further explanation about the double peaked graphs. Figure 5.11
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shows that R279 is a reaction that influences the low temperature heat release peak since the
reaction rate peak of R279 is also located at the same grid position. R282 has a similar effect like
R279, from figure 5.11 one can see that the reaction rate values of these reactions are getting ten
times smaller. Reaction rate analysis about R279 shows that the forward reaction rate remains
constant but the concentration of its reactant CH3OCH, is decreasing so the reaction rate is
decreasing. For R282, the forward reaction rate constant remains nearly same compared to the

drop in its reactants CH,OCH,O,H concentration. R52’s reaction rate peak is located at high
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Figure 5.10. Heat release and dominant reactions shown in each mixture for %60 ETH-%40
DME and %80 ETH-%20 DME for low strain rate.

temperature heat release peak and therefore has high influence on the high temperature heat
release peak as can bee seen in the reaction rate graph in figure 5.11. The reaction rates of DME
reactions, R279, R282 and R281, which are influencing the low temperature heat release peak
are declining rapidly compared to R52. So, in the %20 DME-%80 ETH mixture one can observe

that the high temperature heat release peak maximal value is exceeding the low temperature
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heat release peak maximal value. For reaction R186 one can observe negative reaction rates for
both of the mixtures, moreover at %60 Ethanol-%40 DME it influences the low temperature
heat release peak but at %80 Ethanol-%20 DME its influence is more effective on the high
temperature heat release peak. The reaction rate of R186 for low temperature heat release peak
is decreasing more than the high temperature heat release peak. Further investigations show that,
on the low temperature heat release peak show that the forward reaction rate constant of R186
and its reactants, C;Hy and OH, are decreasing more rapidly compared to the high temperature
heat release peak which contributes to the reduction in net reaction rate.
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Figure 5.11. Left: %40 DME-%60 Ethanol Reaction Rate Values for low strain rate. Right:
%20 DME-%80 Ethanol Reaction Rate Values for low strain rate.

Pure ethanol heat release rate graphic has three peaks as shown in figure 5.12. Beside

R52, which had started to be dominant with the increase of ethanol content in the mixture,
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R195 and R171 have a positive dominant effect among the three heat release peaks. Since the
intermediate temperature heat release peak is below zero, the magnitude of sum of the negative
heat release values is larger than the magnitude of sum of the positive heat release values. At the
low temperature heat release peak location, dominant reaction for negative heat release is R183,
different from the high temperature heat release peak and intermediate temperature heat release
peak. The dominant negative influence of high temperature heat release peak and intermediate
temperature heat release peak come from R170, R186, R16 and R188. The reasons behind these
situations are investigated using the reaction rate data in figure 5.13. The low temperature heat
release peak location is named as first peak, the intermediate temperature heat release peak as
second peak and the high temperature heat release peak is named as third peak in the figure 5.13.
As can be seen in figure 5.13 R195’s reaction rate peak is located between low temperature heat
release peak and high temperature heat release peak, closer to the low temperature heat release
peak. R170 has a relative higher reaction rate peak compared to other reactions, located at same
location with high temperature heat release peak. The negative reaction rate curve for R186 is
positioned at the high temperature heat release peak and has a significant impact on the other
two peaks as mentioned in the heat release analysis. The moderate decline in the reaction rates
of R195, R171 and R52, along with the steep decline of R170 and R186, aid in the formation of

the third peak.
5.1.1.2 High Strain Rate Autoignition Results

All high strain rate analyses are conducted at 246.78s~! and at a temperature of 1175K.
To begin with, figure 5.14 illustrates the comparison of the high strain rate heat release graphs of
pure ethanol and pure DME. It can be seen in figure 5.14 that for high strain rate pure ethanol has
one heat release rate peak and pure DME has two heat release rate peaks while at low strain rate
analysis for pure DME two heat release peaks and for %100 Ethanol one heat release peak was
observed. Comparing the difference between pure ethanol and pure DME maximal heat release

peak values, for high strain rate the magnitudes are in same order of magnitude but for low strain
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Figure 5.12. Heat release and dominant reactions shown in each mixture for %100 ETH for low
strain rate.

rate the difference between the maximal magnitudes was quite large. Further investigations are
conducted to comprehend the change in the behavior.

With the absence of a flame over the reactive field, the temperature profiles of the pure
fuels are similar. From the temperature profiles of the fuels in Figure 5.15, the peak of heat
release of pure DME is shown to have occurred at 750K and 1150K. The temperatures where
the peak of heat release occurs for pure ethanol is at 1150K.

Figure 5.16 shows the evaluation of the low temperature heat release peak with the

addition of DME. Also one can see the slight shift of the location of the low temperature heat
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Figure 5.13. %100 ETH Reaction Rate Values for low strain rate.

release peak to the fuel side. A total comparison of all the heat release rate curves is also depicted
in figure 5.16. As mentioned before it can be seen that they are in same order of magnitude. The
evolution of low temperature heat release peak continues until the low heat release temperature
peak at pure DME is becoming larger than high temperature heat release peak.

Heat release rate analyses of %100 Ethanol and %80 Ethanol-%20 DME mixtures can be
seen in figure 5.17. The addition of DME to the mixture decreases the maximal heat release rate
value. As soon as DME is added to the mixture, DME sub-mechanism reactions begin to appear
in the dominant reactions. For both of the mixtures the first three dominant reactions, R33 :
HCO+ 0y, <=>CO+HO,,R38:CH,0+OH <=> HCO+H>0 and R52 : CH3 + O, <=>

CH,0 + OH remain same. Forward reaction rates of these reactions are considerably larger
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Figure 5.15. Temperature values of %100 DME and %100 Ethanol blends over all grid points
for high strain rate.

than reverse reaction rates. Reaction R171 : CoHsOH + OH <=> CH,CH,OH + H,O which
has ethanol species as reactant is also dominant for %100 Ethanol and %80 Ethanol-%20 DME.
For the reactions which have negative effect on heat release, reaction R186 : CobHy + OH <=>
CH,CH,OH and R16 : 20H (+M) <=> H,0,(+M) are dominant. From figure 5.18 one can

observe that the reaction rate magnitudes are decreasing with the addition of DME. As can be
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Figure 5.16. Second heat release peak value evaluation with the addition of ethanol to the
mixture for high strain rate.
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Figure 5.17. Heat release and dominant reactions shown in each mixture for %80 ETH-%?20
DME and %100 ETH for high strain rate.
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seen, R195 and R171 appear to be dropping down more swiftly than the other reactions. For
R195, detailed analyses show that the forward reaction rate constant and the concentration of the
reactant CH3CHOH, is decreasing and the concentration of the other reactant O, stays constant,
which results with a drop in the reaction rate. The reaction rate decline of R171 is explained with
the slight decrease of the forward reaction rate constant and significant decrease of its reactant’s

concentration of OH.
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Figure 5.18. Left: %20 DME-%80 Ethanol Reaction Rate Values for high strain rate. Right:
%100 Ethanol Reaction Rate Values for high strain rate.

The low temperature heat release peak appears when the concentration of DME in the
mixture rises at %60 Ethanol-%40 DME as can be seen in figure 5.19. Dominant reactions
of the high temperature heat release peak remain constant as R52, R33 and R38. But for the
low temperature heat release peak the dominance is taken over by DME related reactions. And

one start to see R279 : CH3;0CH, + O, => CH30CH,0, and R273 : CH30CH3 + OH <=>
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CH3OCH?2 + H20 as dominant reactions for the low temperature heat release peak. As can be
seen in figure 5.20, reaction R277 : CH30OCH?2 <=> CH20 + CH3 which is a DME related
reaction, has the highest reaction rate value. One start to see its influence one the high temperature
heat release peak, since the reaction rate peak is also located close the high temperature heat
release peak. For %40 Ethanol-%60 DME mixture, the low temperature heat release peak is
more visible since the sum of individual reactions’ heat release values for the low temperature
heat release peak is higher. Also R17 and R195 are not displayed anymore in figure 5.20 which
indicates that they are not dominant anymore according to the limit for dominance at high strain
rate. In-depth analyses show that for R279 the reaction rate constants are remaining the same but
the concentration of the reactant CH3OCH,, is increasing specially for the low temperature heat
release peak. The low temperature heat release peak’s growth is the most evident observation
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Figure 5.19. Heat release and dominant reactions shown in each mixture for %60 ETH-%40
DME and %40 ETH-%60 DME for high strain rate.

that can be made from figure 5.21. As DME increase from %80 to %100, low temperature heat
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Figure 5.20. Left: %60 DME-%40 Ethanol Reaction Rate Values for high strain rate. Right:
%40 DME-%60 Ethanol Reaction Rate Values for high strain rate.

release peak transcends the high temperature heat release peak because DME is responsible
for the reactions of the low temperature heat release peak. On the path to pure DME, R279
eventually overtook all other reactions as the dominant reaction overall for the low temperature
heat release peak. Also the net heat release rate values of low temperature heat release peak in
pure DME is higher than the high temperature heat release peak. Another noteworthy feature is
that R273 is dominant in both of the peaks of both mixtures. For reaction R277, the reaction rate
is remaining nearly the same for the high temperature heat release peak but the reaction rate is
increasing for the low temperature heat release peak as DME increases from %80 DME to %100

DME. The reaction rate analyses for high strain rate analyses can be seen in figure 5.22. At the
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low temperature heat release peak location for R279, the forward reaction rate constant and the
concentration of O, is remaining same but the concentration of CH;OCH, is increasing from
%80DME-%20ETH to %100DME, therefore its dominance is increasing. For R273, the reaction
rate constant is remaining nearly same but the concentration of both of the reactants, CH3;OCH3
and OH, are increasing at low temperature heat release peak location.

At the low temperature heat release peak location, DME related reaction rates are
increasing and ethanol related reaction rates are decreasing. From %80 DME to %100 DME
at low temperature heat release peak location the concentration of OH is increasing. The
increase in mass fraction of DME in inlet triggers a chain effect of dominant reactions in heat
release. So, the increase of DME mass fraction is increasing the heat release peak value of
low temperature heat release peak. Furthermore, when ethanol content is decreasing in the
mixture, in the competition for OH the DME reactions become more important. In figure 5.23, a
comparison of %60 DME-%40 ETH, %80 DME-%?20 ETH and %100 DME mixtures for OH
related reactions at low temperature heat release peak is prepared using the net reaction rate
data. Figure 5.23 shows that the net reaction rates of the OH related ethanol reactions R171 and
R173 are decreasing. Reactions R171 and R173 have C;HsOH and OH as reactants and are
losing their dominance when DME is added to the mixture. The forward reaction rate constants
of R171 and R173 are decreasing and also the concentration of C;HsOH is decreasing which
causes to a drop in reaction rates which also can be seen in figure 5.23. At high temperature
heat release peak location it is observed that R38, R52 and R33 are taking the top dominant
roles in all mixtures. From pure ethanol to pure DME, dominance of R195, related to ethanol,
is decreasing. Conversely, R273, related to DME, become more important with the addition of

DME.
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Figure 5.21. Heat release and dominant reactions shown in each mixture for %20 ETH-%80
DME and %100 DME for high strain rate.
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Figure 5.23. Net reaction rate values for OH related dominant reactions of %60 DME-%40
ETH, %80 DME-%?20 ETH and %100 DME mixtures for high strain rate.
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Chapter 6

Conclusion and Future Work

Numerical simulation studies were carried out using the San Diego mechanism developed
by the combustion group at University of California San Diego. Detailed analyses on heat release
rate revealed information about the dominance of the individual reactions. These analyses were
used to elucidate the dominance spectrum of the reactions according to the change of the content
of ethanol and dimethyl ether in the fuel mixture. Additionally, reaction rate analyses were
conducted to determine the factors that influence the prevalence of the dominant reactions in the
various dimethyl ether and ethanol mixtures.

As strain rate increases, autoignition temperatures of pure fuels also increase. Specifically
for pure DME, the increase in autoignition temperature is higher than pure ethanol.

Low strain rate autoignition analyses have shown that pure DME has the lowest au-
toiginition temperature and the highest heat release peak value. The addition of ethanol to
the mixture causes an increase in the autoignition temperature and a decrease in heat release
peak value. Dominant reaction analyses showed that there is a chain of reactions related from
CH;OCH3(DME) with OH. Hence, the heat release is impacted by the decline of the mass
fraction of DME in inlet. Moreover, competition of OH species consumption by ethanol related
reactions is increased while the ethanol content in the mixture is increasing. This enhances the
dominance of OH related ethanol reactions.

Similar characteristics to low strain rate reactions are observed in the high strain rate
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analyses for the low temperature heat release peak value. From pure ethanol to pure DME, domi-
nance of the chain of reactions from CH3;OCH3(DME) to OH increases while the competition
for OH species between ethanol and DME decreases. According to high strain rate autoignition
investigations, pure ethanol has the lowest autoignition temperature and the highest heat release
peak value. As DME is added to the mixture, the temperature required for autoignition increases
and heat release peak value decreases. At high temperature heat release peak value, the domi-
nance of R195, related to ethanol, decreases from pure ethanol to pure DME. On the other hand,
the addition of DME makes R273, which is related to DME, more dominant.

In future work, computational studies can be conducted using different chemical kinetic
mechanisms. The mechanisms mentioned in the previous sections, such as the Lawrence Liv-
ermore National Laboratory(LLNL) mechanism or the AramcoMech Mechanism from NUI
Galway, can be used to reproduce the experiment results. Thus, the critical conditions of autoigni-
tion can be compared between the computational results of different mechanisms and experiment
results. Consequently, it could also shed light on the subtle offset between experimental and

computational results.
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Appendix A

Table 1: Reactions of San Diego Mechanism

R1: H+0, < OH+0

R2: H,+0+ OH+H

R3: H)+OH < H,O+H

R4: HO+0 &, OH

RS: 2H+M < Hy+M

R6 : H+OH+M <& H,O+M
R7: 20+M < 0 +M

R8: H+0+M <& OH+M
R9: H+0y(+M) < HO»(+M)
R10: HO,+H &, OH

R11: HO,+H & Hy+ 0y
R12: HOy+H < H,O+O0
R13: HO»+ 0 OH+ 0,
R14: HO,+OH & H,0+ 0
R15: HO,+OH < H,0+ 0,
R16:  20H(+M) < Hy0x(+M)
R17: 2HO; < Hy07+ 0,

R18: 2HO, & H, 02 + Oy

R19: H,0,+H < HO,+H,
R20: H,0,+H < H,0+ OH
R21: H,0,+OH < H,O+HO,
R22: H,0,+OH < H,O+HO;
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Table 1: Reactions of San Diego Mechanism (Continued)

R23: H,0,+0 < HO,+OH

R24 : CO+O(+M) & COz(+M)

R25: CO+0OH & CO,+H

R26: CO+HO, < CO,+OH

R27: CO+0yCO+0

R28: HCO+M & CO+H+M

R29: HCO+H << CO+Hy

R30: HCO+0 <« CO+O0OH

R31: HCO+0<+CO+H

R32: HCO+OH < CO+H,0

R33: HCO+ 0, CO+HO,

R34 : HCO+CH3 < CO+CHy

R35:  H+HCO(+M) < CHO(+M)

R36: CHO+H < HCO+H,

R37: CH0+ 0 < HCO+OH

R38: CH,0+OH < HCO+H,O

R39: CHO+ 0y < HCO+HO,

R40 : CH,O+HOy < HCO+ Hy0,

R4l:  CHy+H < Hy+CHs

R42: CH4+ OH < H>,O+CH;3

R43: CH4+ 0 < CH3 +OH

R44 . CH4+ 0, < CH3+HO;,

R45: CHy+HO, < CH3+H>0,

R46: CHs+H < T—CHy+H,

R47 . CH;+H << S—CH, +H,

R48 : CH3 +OH < S—CH +H,0

R49: CH3;+0 < CH,O+H

R50: CH;+T —-CH, < CoHy+H

R51: CH;+HO, < CH3;0+ OH

R52: CH;+ 0, < CH,O+ OH

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R53: CH3 + 0, < CH;0+0

R54 : 2CH; < G Hy+H

R55: 2CH; & CoHs+H

R56:  H+CHs(+M) & CHy(+M)

R57:  2CH;(+M) & CHg(+M)

R58: S—CH,+OH < CH,O+H

R59: S—CH,+0,+ CO+OH+H

R60 : S—CH, +CO;, & CO+CH,0O

R61 : S—CH+M < T—CHy+M

R62 : T—-CHy+H < CH+H,

R63 : T —-CH,+OH < CH,O+H

R64 : T —-CHy+OH < CH +H,O

R65 : T—-CH,+0< CO+2H

R66 : T—-CHy+0 < CO+H,

R67 : T—CHy+ 0y < COy+Hy

R68 : T—-CH,+0,< CO+0OH+H

R69 : 2T —CH, < CHy, +oH

R70: CH, +HO, < CHCHO + OH

R71: CHCHO+ 0y < CH0+CO+0

R72: CH+0+CO+H

R73: CH+ 0, < HCO+0

R74: CH+H,0 & CH,O+H

R75: CH+CO, < HCO+CO

R76: CH30+H < CH,0 + Hy

R77: CH30+H < S—CHy +H,0

R78: CH30+ OH < CH,O+Hy0

R79: CH30+ 0 < OH +CH,0

R8O : CH30+ 0y < CHO+HO,

R81: CH;0+M < CH,O+H+M

R82: CyHg+H < CoHs + Hy

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R83:  CyHg+0 & CoHs+ OH

R84 : CyHg + OH < CyHs +Hy O

R85 : CyHg + CH3 < CyHs +CHy

R86:  CoHg(+M) < CoHs +H(+M)

R8&7 : CyHe+HO, < CoHs +Hy O,

R88 : CyHs +H & CHy +Hy

R89 : CHs + 0 < G Hy + OH

R90 : G Hs + 0 < CH3z +CH,O

RO1 : CyHs + 0, < CHy +HO;

R92: CHs + 0, & CHiOOH

R93: C,H4O0OH < CHy+HO,

R94 : C,H4O0H + 0, < OC,H;00H + OH

R95 : OCH300H < CH,O+HCO+ OH

R96:  CyHs(+M) < CoHy+ H(+M)

R97 : CHy+H & CHz +Hy

R98 : CHy + OH < CH3 +H, 0

R99 : CHy+ 0 < CH3 +HCO

R100: GH4+0 < CH,CHO+H

R101: ,CyH4 < CyH3 + CyHs

R102: CyHy+ 0y < CH3 +HO;

R103: CGH4+HO; & CGHO+OH

R104 : C,H1O+HOy & CH3 +CO+ H,0;

R105: GCHs+M < G Hz+H+M

R106 : CHy+M < CGH, +Hy+ M

R107 : CyH3+H < CyHy + H)y

RI08: CoH3(+M) & CoHy + H(+M)

R109: GH;+0, < CH,O+HCO

RI110: GH3;+ 0, < CH,CHO+O

R111: CyH3+ 0y <= CHy + HO»

R112: GCH,+0& HCCO+H

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R113: GH,+0&T—-CHy+CO

RI114: GCH,+ 0, < CH,0+CO

R115: GH,+OH < CH,CO+H

R116: GCyH,+OH < CH+H0

R117: CH,CO+H < CH3+CO

R118: CHCO+O0 <« T—CH,+CO;

R119: CH,CO+0O & HCCO+OH

R120: CH,CO+CH3 < CyHs +CO

R121: HCCO+H < S—CH>,+CO

RI122: HCCO+OH < HCO+CO+H

R123: HCCO+O0O &,CO+H

RI24: HCCO+ 0, <2 CO+OH

R125: HCCO+ 0y« CO,+CO+H

R126: CGH+OH < HCCO+H

RI127: GCH+0+ CO+CH

R128: GH+ 0, HCCO+O0

RI129: GH+ 0,4 CHA+CO,

R130: GH+0, < HCO+CO

R131: CH,OH+H < CH,O+H;

R132: CH,OH+H < CH3;+OH

R133: CH,OH+OH < CH,0+H,0

R134: CH,OH + Oy < CH,O+HO;

RI35: CH,OH+M < CH,O+H+M

R136: CH30+M & CHOH+M

R137: CH,CO+OH < CH,OH+CO

R138: CH;0H +OH < CH,OH + H>O

R139: CH30H+OH < CH3;0+H,0

R140: CH30H+H < CH>OH +H,

R141: CH30H+H < CH30+H,

R142: CH;0H+ 0 & CH,OH + OH

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R143: CH30OH + HO, < CHy0H + H,0,

R144: CH30H+ 0, < CHOH +HO,

R145: CH;0H(+M) < CH; + OH(+M)

R146: CH,CHO < CH,CO+H

R147: CHCHO+H < CH3;+HCO

R148: CH,CHO+H < CH,CO+H,

R149: CH,CHO+ O < CH,O+HCO

R150: CH,CHO+ OH < CH,CO+ HyO

R151: CH,CHO+ 0, & CH,0+CO+OH

R152: CH,CHO+CH3 < GHs+CO+H

R153: CH,CHO+HO, < CH,0+HCO+OH

R154: CH,CHO+HO, < CH3CHO + O,

R155: CH>CHO < CH3 +CO

R156: CH3CHO < CH3;+HCO

RI57: CH3CO(+M) < CH; +CO(+M)

R158: CH3CHO+ OH < CH3;CO+H,0

R159: CH3CHO+OH < CH,CHO +H,0

R160: CH3CHO+ O < CH3CO+ OH

R161: CH3CHO+ O < CH,CHO+OH

R162: CH3CHO+H < CH3CO+H;

R163: CH3CHO+H < CH,CHO+H,

R164: CH3;CHO+CH3 < CH3CO+CHy

R165: CH3CHO+CH; < CH,CHO+CHy

R166: CH3CHO+ HO, < CH3CO + H>0;,

R167: CH3CHO+HO; & CH,CHO+H,0,

R168: CH3CHO+ 0y < CH3CO+HO>

R169: CyHsOH(+M) < CH;+CH,OH(+M)

RI70: CoHsOH(+M) < CoHy+ HyO(+M)

RI71: CHsOH + OH < CH,CH,OH + H,O

R172: C,HsOH + OH < CH3CHOH + H,0

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R173: C,HsOH + OH < CH3CH>O + H,O

R174: CyHsOH +H < CH,CH,OH + H,

R175: C,HsOH + H < CH3CHOH + H;

R176: C,HsOH + H < CH3CH,0 + Hy

R177: GCHs0H+ O < CH,CH,OH + OH

R178: CHsOH + O < CH;CHOH + OH

R179: CyHsOH+ O < CH3;CH,0+ OH

R180: (GHsOH +CH3 < CHyCH,OH +CHy

R181: (C,HsOH +CHz < CH3CHOH +CH,

R182: C,HsOH + CH3 < CH3;CH,O + CHy

R183: CyHsOH+HO, < CH3;CHOH +H,0,

R184: C,HsOH + HO, < CH>,CH,OH + H,0,

R185: C,HsOH+HO, < CH3CH,0+H,0,

R186: CH;+OH < CH,CH,OH

R187: GCHs+HO, < CH;CH,0+ OH

R188: CH3CH,O+M < CH3CHO+H +M

RI189: CH3CHO+M < CH3;+CH,O+M

R190 : CH3CH,O+ O, < CH3CHO +HO;

R191: CH3CH;O+CO < CyHs+CO,

R192: CH3CHO+H < CH3+CH,OH

R193: CH3CHO+H < CHy+H,0

R194: CH;CH,O+ OH < CH3CHO+ H>O

R195: CH3CHOH + 0, < CH;CHO+HO,

R196: CH3CHOH+ O < CH3;CHO+ OH

R197: CH3;CHOH +H < C,Hy + H,O

R198: CH;CHOH +H < CH;+CH,OH

R199: CH3CHOH +HO, < CH;CHO+,; OH

R200: CH3CHOH +OH < CH3CHO +H,0

R201: CH3CHOH +M < CH;CHO+H+M

R202: G3Hy+0 & CH4+CO

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R203: CH3;+CH, & CiHy+H

R204: C3H4+0 < HCCO+CH3

R205: C3H;+H(+M) < C3Hy(+M)

R206: C3H3+HO, < C3Hy+ 0o

R207 : C3Hy+ OH < G3Hz +HyO

R208: G3H3+ 0, < CH,CO+HCO

R209:  C3Hy+H(+M) & C3Hs(+M)

R210: C3Hs +H < C3H4+ H)

R211: C3Hs 4+ 0y < C3H4+HO,

R212: (G3Hs+CH; < C3Hy +CHy

R213: C2H2+CH3(+M) < C3Hs (+M)

R214: (G3Hs+OH < C3Hy+H,0

R215: C3H3+HCO & C3H4+CO

R216: GH3+HO, < OH+CO+CyH3

R217: GC3Hy+ 0, < CH3+HCO+CO

R218: C3Hg+0 < CyHs+HCO

R219: C3Hg+ OH < C3Hs + H, O

R220: G3H¢+0O & CH,CO+CH;+H

R221: GC3Hg+H < C3Hs +H)y

R222: C3Hs+H(+M) & C3Hs(+M)

R223: C3Hs +HO, < C3Hg + O

R224: C3Hs +HO, < OH + C,Hs +CH,0

R225: Gy H; +CH;3(+M) & C3He(+M)

R226: C3Hg+H < C,Hy +CH;

R227: CH;+CyHy < C3Hs +H

R228: C3H3(+M) < CH;z + CyHs(+M)

R229: GH3+ 0, < 1—-C3H;+HO;

R230: G3H3+ 0, N—-C3H7+HO,

R231: CsHg+H < 1—C3H7+ Hy

R232: C3Hg+H < N—C3H7+H)

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R233: G(C3Hy3+0 <« 1—-C3H7+OH

R234: C3Hy+ 0O & N—-C3H; +OH

R235: G3Hg+OH & N —C3H7;+H,0

R236: C3Hg+OH < [1—C3H7+H,0

R237: C3Hg3+HO, & 1—C3H7+Hy0,

R238: C3H3+HO, & N—C3H7 +H,0;

R239: 1—-C3H7+C3Hg < N —C3H7 +C3Hg

R240: C3Hg +H(+M) (1)1—C3H7(+M)

R241: 1—C3H7+ 0, < C3Hg+HO»

R242: N —C3Hy(+M) < CHs + CoHy(+M)

R243:  H+C3Hg(+M) < N — C3Hq (+M)

R244: N-GH;+ 0, CGHg+HO;

R245: N—C3H;+ 0, < C3HgOOH

R246 : C3HgOOH < C3Hg+HO,

R247: C3H¢OOH + O, < OC3HsOOH + OH

R248: OC3Hs00H < CH,CHO +CH,0 + OH

R249 : C4H]()(+M) S2) C2H5(+M)

R250 : C4Hio+ Oy < PC4Hy + HO>

R251: C4Hi0+ 02 < SC4Hy +HO>

R252: C4Hi0+HO, < PC4Hy + H> 0,

R253: C4Ho+HOy < SC4Hy + Hy Oy

R254: C4Ho+ O & PCy4Hy + OH

R255: C4Ho+ O < SC4Hy + OH

R256: C4Hyo+ OH < PC4Ho + H,O

R257 : C4H|y+ OH < SC4Hy + H,O

R258: C4H0+H < Hy+ PCy4Hy

R259 : C4H o+ H < Hy + SC4Hy

R260: PCyHy < CHs +CrHy

R261 : SC4H9 g C3H6 +CH3

R262 : C4Hy < C3Hs +CHj;

Continued on next page
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Table 1: Reactions of San Diego Mechanism (Continued)

R263 : CyHy + H < Hy, +CyH3 + CoHy

R264: SC4Hy+ O, < SC4HyOo

R265 : SC4HyOy < C4Hg + HO»

R266: PC4Hy+ O, & C4H3+HO,

R267 : PC4Hy + Oy < C4HgOOH1—3

R268: C4H3OOH1—3 < C4Hy +HO;

R269: C4H300OH1 —3+0, < NC4KET 13+ OH

R270: NC4KET13 < N—C3H; +CO, + OH

R271: CH;0CH;(+M) < CH30 +CHy(+M)

R272: CH;0CH3+ 0, < CH;0CH, +HO;

R273: CH3OCHs;+ OH < CH30CH, +H,O

R274: CH;0CH;+ CH; < CH30CH, +CHy

R275: CH30CH3+H < CH;OCH> + H»

R276: CH30CH3+HO, < CH30OCH, +H,0,

R277: CH3OCH, < CH,0 +CH3

R278: CH30CH)+ 0y < CH,O+CH,0+ OH

R279: CH3OCH, + O, < CH30OCH,0,

R280 : CH30CH,0, + CH30CH, 03 < O +2CH30 +2CH,0

R281: CH30OCH,0, < CH,OCH,0O,H

R282: CH,OCH,O,H < CH,O+CH,0+ OH

R283: CHOCH,O0,H+ O, < HO,CH,OCHO + OH

R284: HO,CH,OCHO < CH,0+CO,+OH+H
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