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Abstract

There are several reasons to the increased interest in ethanol as a fuel. In summary,
there is a current global need of a) alternatives to conventional oil derived fuels, especially
those obtained from renewable sources, b) reduction of pollutant and carbon emissions from
energy and power systems, and c¢) additives to reduce engine knock. These needs are based on
economic and environmental considerations. Part of the effort needed nowdays is centered on
understanding the oxidation mechanisms of ethanol and ethanol containing fuels using a
combination of simulation and fundamental experiments developed at conditions close to the
applications. In order to contribute to this area, this work proposes several detailed kinetic
models for pure ethanol and for multicomponent gasoline surrogate mixtures involving
ethanol, iso-octane, n-heptane, toluene and di-iso-butylene. This work reports the first detailed
kinetic model for ethanol and a five-component gasoline surrogate oxidation at high pressure
and intermediate temperatures validated against shock tube ignition delay times.

Here, the thermal decomposition routes of ethanol are identified and discussed. A low
temperature and high pressure oxidation route for ethanol is proposed for modeling pure
ethanol and gasoline surrogates. The proposed detailed kinetics models were built by adding
and tailoring kinetics submechanisms for each of the components of interest available in the
literature. In order to validate the proposed detailed kinetic models, shock tube experiments of
ignition delay times were performed at Institute for Combustion and Gasdynamic — IVG at the
University of Duisburg-Essen, Germany. The experiments were performed for pure ethanol
and for binary and ternary surrogate mixtures involving ethanol, covering a pressure range of
10 bar to 50 bar, temperature range of 690 K to 1220 K, for stoichiometric and lean mixtures
of ethanol/air, and gasoline surrogate/air. These conditions approximate those reached in the
operation of internal combustion engines in the automotive industry. To the author’s
knowledge, these are the highest pressures reported so far for ethanol oxidation. The tailored
detailed kinetic models were then tuned to the experimental results of ignition delay time by
using sensitivity analysis methods. Simulations using the SHOCK 1-D code from CHEMKIN
package were performed in order to validate the proposed detailed kinetic models over the

experimental conditions, and a good agreement was found.

Keywords: Ethanol, Gasoline surrogates, Detailed chemical kinetics models, Shock

tube ignition delay.
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Resumo

O crescente interesse em etanol como combustivel ¢ motivado por varias razdes.
Resumidamente, existe uma necessidade global de a) alternativas para combustiveis
convencionais derivados do petroleo, especialmente aqueles obtidos de fontes renovaveis, b)
reducdo da emissdo de dioxido de carbono e poluentes a partir da producdo de energia em
sistemas de poténcia, e c¢) aditivos para reduzir a batida de pino em motores a combustio
interna. Estas necessidades sao fundamentadas em consideragdes econOmicas ¢ ambientais.
Parte do esforco requerido hoje em dia ¢ centrado no entendimento dos mecanismos de
oxidacdo de ectanol ¢ de misturas de combustiveis de contendo etanol, usando uma
combina¢do de simulacdo numérica e experimentos fundamentais realizados em condigdes
similares as aplicagoes.

Para contribuir nesta area, este trabalho propde varios modelos cinéticos detalhados
para etanol puro, e para misturas multicomponentes de substitutos de gasolina contendo
etanol, iso-octano, n-heptano, tolueno e di-iso-butileno. Este trabalho apresenta o primeiro
modelo cinético detalhado para a oxidacdo de etanol e para uma mistura quinaria de
substitutos de gasolina, a altas pressoes e temperaturas intermedidrias, validado com medigdes
de atraso de ignicdo em tubo de choque. As rotas da decomposi¢do térmica do etanol sdao
identificadas e discutidas. Uma rota de oxidag¢do de etanol a baixas temperaturas e altas
pressoes € proposta para a modelagem de etanol puro e substitutos de gasolina contendo
etanol.

Os modelos cinéticos detalhados propostos foram construidos adicionando e juntando
subestruturas cinéticas de cada espécie quimica de interesse disponiveis na literatura. Para
validar os modelos cinéticos detalhados propostos, experimentos de atraso de igni¢do em
tubos de choque foram realizados no Instituto de Combustao e Dindmica de Gases — IVG na
Universidade de Duisburg-Essen, Alemanha. Os experimentos foram realizados para etanol
puro e para misturas bindrias e ternarias de substitutos de gasolina contendo etanol, em uma
faixa de pressdo de 10 até 50 bar, temperaturas de 690 K até 1220 K, misturas pobres e
estequiométricas de etanol/ar e substituto de gasolina/ar.

Estas condigdes aproximam as condigdes reais de operagdo de motores a combustdo
interna na industria automotiva. No conhecimento do autor, as pressdes nas quais as medi¢oes
foram realizadas sdo as mais altas ja reportadas na literatura para etanol. Os modelos cinéticos
detalhados propostos neste trabalho foram ajustados para reproduzir os resultados

experimentais de atraso de igni¢do, usando métodos de andlise de sensibilidade. Foram
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realizadas simulagdes usando o pacote SHOCK 1-D do programa CHEMKIN para validar os
modelos cinéticos propostos nas condi¢des experimentais de temperatura e pressao, boa

concordancia entre resultados numéricos e experimentais foi encontrada.

Palavras Chave: Etanol, Substitutos de gasolina, Modelos cinéticos detalhados, Atraso

de igni¢do em tubo de choque.
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Resumen

El creciente interés en etanol como combustible es motivado por varias razones. De
forma resumida, existe una necesidad global de a) alternativas para combustibles
convencionales derivados del petrdleo, especialmente de aquellos obtenidos de fuentes
renovables, b) reduccion de la emision de carbono e contaminantes a partir de la produccion
de energia y sistemas de potencia, y c¢) aditivos para reducir el cascabeleo (knock) en motores
a combustion interna. Estas necesidades se fundamentan en consideraciones econdmicas y
ambientales. Parte del esfuerzo requerido hoy en dia es centrado en el entendimiento de los
mecanismos de oxidacion de etanol y de mezclas de combustibles conteniendo etanol, usando
una combinacion de simulacion numérica y experimentos fundamentales realizados en
condiciones similares a las de las aplicaciones. Para contribuir en esta area, este trabajo
propone varios modelos cinéticos detallados para etanol puro y para mezclas
multicomponentes de substitutos de gasolina conteniendo etanol, iso-octano, n-heptano,
tolueno y di-iso-butileno. Este trabajo presenta el primer modelo cinético detallado para la
oxidacién de etanol e para una mezcla quinaria de substitutos de gasolina, a altas presiones y
temperaturas intermediarias, validado con mediciones de atraso de igniciéon en tubo de
choque. Las rutas de descomposicion térmica de etanol son identificadas y discutidas. Una
ruta de oxidacion de etanol a bajas temperaturas y altas presiones es propuesta para la
modelacion de etanol puro y substitutos de gasolina conteniendo etanol. Los modelos
cinéticos propuestos fueron construidos adicionando e uniendo subestructuras cinéticas de
cada especie quimica de interés disponible en la literatura. Para validar los modelos cinéticos
detallados propuestos, experimentos de atraso de ignicion en tubos de choque fueron
realizados en el Instituto de Combustion y Dinamica de Gases — IVG, en la Universidad de
Duisburg-Essen, Alemania. Los experimentos fueron realizados para etanol puro y para
mezclas binarias y cuaternarias de substitutos de gasolina conteniendo etanol, en una facha de
presion de 10 hasta 50 bar, temperaturas de 690 K hasta 1220 K, mezclas pobres y de
composicion estequiométrica de etanol/aire e substituto de gasolina/aire. Estas condiciones de
temperatura y presion se aproximan a las condiciones reales de operacion de motores a
combustion interna en la industria automotriz. En el conocimiento del autor, los resultados de
oxidacion térmica de etanol en los niveles de presion presentados en este trabajo son los mas
altos ya reportados en la literatura. Los modelos cinéticos detallados propuestos en este
trabajo fueron ajustados para reproducir los resultados experimentales de atraso de ignicion

usando métodos de andlisis de sensibilidad. Fueron realizadas simulaciones usando o codigo
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SHOCK 1-D de el programa CHEMKIN para validar los modelos cinéticos propuestos, en las
condiciones experimentales de temperatura y presion, buena concordancia entre los resultados

numéricos y experimentales fue encontrada.

Palabras clave: Etanol, Substitutos de gasolina, Modelos cinéticos detallados, Atraso

de ignicion en tubo de choque.
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Chapter 1: Introduction

Research institutions and industry have spent a considerable amount of resources in
developing methods for the numerical simulation of practically relevant processes covering
several areas. Usually, simulations aim at yielding information at lower cost compared to
experimental approaches and frequently simulations provide details that are inaccessible in
experiments. This is especially true in the simulation of combustion processes, in which more
complete information can be acquired from simulations than from experiments with relatively
low cost. This information can then be used to the design of combustion devices, for example,
to predict the temperature and pressure distribution as well as chemical species
formation/depletion during the energy release inside the combustion chamber of an internal
combustion engine. Once this information is obtained, new parameters concerning the engine
design and operation could be adopted. The same can be said of the development of fuel
mixtures where minute variations of components may result in large variations of
performance.

There are several critical points when simulating combustion processes. For example,
sometimes it is only important to know approximately the maximum temperature and global
reaction rate in a given process. Then, usually the modeling with a simple global kinetics
model suffices to represent the kinetics process. Other times, however, the target is to
determine the concentration of a specific chemical species, such as the hydroxyl radical, and
in this case a somewhat more refined detailed kinetics model is needed to represent the
kinetics process. In summary, the simulation of the dynamics of a combustion process
frequently requires some kinetics modeling and the complexity of such modeling grows as
more detailed information is pursued.

The automotive industry presents a particular environment in which experiment,
modeling and computation of the behavior of combustion has the potential to aid in
performing engine optimization, develop in-cylinder and after-burn pollutant control and to
synthesize new formulations for practical fuels. However, as much as computational
resources, numerical methods and chemical knowledge have increased over the last few years,
the combustion of practical fuels is still basically investigated using experimental approaches.

The reason for this limitation is the inherent complexity of the fuel mixtures.

1.1 Practical fuels and gasoline surrogates
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As mentioned by Westbrook et al. (2005), computer modeling has grown rapidly to
play a major role in virtually every field of science and engineering. Today it is common to
find numerical models attempting to represent combustion process of single hydrocarbon
fuels, and depending on the desired quality or target of the results, one may find global or
detailed kinetics mechanisms. In this direction, many researchers have devoted considerable
time studying and proposing global and detailed kinetics models (see, for example, references
in Griffiths, 1995 and Simmie, 2003) for pure hydrocarbon oxidation. The number of
chemical species that can be present in a real gasoline can be, however, in the order of
hundreds, involving saturated and unsaturated hydrocarbons including alkanes, cycloalkanes,
alkenes, cycloalkenes, aromatic, ethers and esters, components whose identity and amounts
are often unknown (Metcalfe et al. 2007). The well-known kinetic model for pure iso-octane
oxidation of Curran et al. (2002) is composed by 857 chemical species allowing 3606
elementary reactions. A detailed kinetics model for a practical fuel involving a hundred of
chemical species in the fuel composition would demand a dramatically increase in the number
of elementary reactions, making the problem intractable with current computational
capabilities.

The development of gasoline surrogates is one of the ways to make the development
of chemical kinetics mechanisms for practical fuels tractable. A surrogate fuel consists of a
mixture of a small number of components that are used to represent the practical fuel and still
predict characteristics of the real fuel. These desirable characteristics may include ignition
behavior, burning velocity, viscosity, vaporization, and emission such as carbon monoxide,
hydrocarbons, soot and nitrogen oxides (Metcalfe et al. 2007). The early kinetics modeling
studies of n-heptane by Curran et al. (1998b) and iso-octane by Curran et al. (2002) covering
the parameters used to qualified fuel ignition, the Research Octane Number — RON and the
Motor Octane Number — MON, were first attempts to develop gasoline fuel surrogates. The
RON and MON scales are both based on Primary Reference Fuels — PRF, n-heptane (RON =
MON = 0) and iso-octane (RON = MON = 100), and are used to qualify the knocking
behavior of real fuels. However, real gasoline fuels are not composed only by n-heptane and
iso-octane. In fact, gasoline consists of many different classes of saturated and unsaturated
hydrocarbons, including straight and branched alkanes (n-parafins, iso-parafins), cicloalkanes
(naphthenes), alkenes (olefins), cicloalkenes (cycloolefins) and aromatics (Aryl compounds).
Table 1 from Catalufia and Silva (2006) lists the chemical composition of a typical Brazilian

base gasoline (without the addition of ethanol) as volume percent of the fuel total volume.
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The chemical composition is listed according to the carbon atoms present in the hydrocarbon

group.

Table 1. Chemical composition of one kind of Brazilian base gasoline (mol %) (Adapted
from Catalufia and Silva, 2006).

Saturated compounds Unsaturated compounds
n-parafins iso-parafins naphthenes olefins aromatics

[%] [%] [%] [%] [%]
C4 1.07 HEE *HE 0.04 HEk
C5 5.07 5.10 0.65 0.06 Hokx
C6 5.10 6.50 4.30 10.50 0.51
Cc7 4.40 5.20 7.20 *ak 16.60
Cs8 5.20 16.65 3.15 0.01 0.41
C9 0.12 0.60 0.30 0.07 HAE
Total 21.0 34.2 14.6 10.7 175

From Table 1 one can see that in the group of n-parafins, the pentanes, hexanes,
heptanes and octanes (Cs, Cs, C; and Cg) compounds are predominant. In the iso-parafins
group, the octane is predominant. The cycloalkanes with seven carbon atoms represent about
50% of the naphthenes group. The alkenes with six carbon atoms characterize the olefins
group and finally, the toluene represents about 95% of the aromatic group.

One approach to surrogate fuels is to include one or more components from each
group of hydrocarbons present in gasoline, so that the unique molecular structure of each
group is represented. For example, one may suggest a gasoline surrogate for the Brazilian
base gasoline from Table 1, as follows: n-octane (or n-heptane) 21%, iso-octane 34.2%,
methyl-cyclohexane (or cycloheptane) 14.6%, 1-hexene (or diisobutylene) 10.7% and toluene
17.5%. The di-iso-butylene is intended to represent the hydrocarbon class of alkenes in
practical fuels (Metcalfe et al. 2007).

This approach may lead to reliable predictions of many of the combustion properties
of the practical fuel. In order to obtain a fuel surrogate mechanism, detailed kinetics
mechanisms must be developed for each component in the mix compound (Metcalfe et al.

2007).

1.1.1 Molecular structure of gasoline surrogates considered in this work

The proposed gasoline surrogate is composed of ethanol (oxygenated hydrocarbon),

iso-octane (saturated iso-parafin), n-heptane (saturated n-parafin), toluene (unsaturated
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aromatic) and diisobutylene (unsaturated olefin). The selected chemical species cover the
major hydrocarbon class constituents of the gasoline. Figure 1 shows the different molecular

structures of the hydrocarbons selected in this work as components of gasoline surrogates.

i/\/\/\

Ethanol n-heptane
AN
/ 2,4 ,4-trimethyl-2-pentene
(diisobutylene)
2,2 ,4-trimethyl-pentane Toluene

(iso-octane)

Figure 1. Structure of the components of the gasoline surrogates considered in this work.

Table 2 list some properties of the components of the gasoline surrogates considered
in this work.

Table 2. Properties of the components of thegasoline surrogates considered in this work

Name Ethanol Pentane, 2,2,4-trimethyl- Heptane Toluene 2-Pentene, 2,4,4-trimethyl-
Ethyl alcohol; n-Heptane:
Other names Alcohol; Alcohol iso-octane . ptane; Toluol; Methane, phenyl- di-iso-butylene, DIB
Dipropylmethane
anhydrous
Formula C,H,OH CyH,g C,H,, C,H, CyH
Molecular weight 46.06 114.228 100.2 92.13 112.21
Enthalpy of 38.56 (@ 351.5K) 30.79 (@ 372.4 K) 31.77 (@371.6 K) 33.18 (@ 383.8K) 352 (@374.6K)
vaporization [kJ/mol] ’ i : ’ ’ ’ : ’ ’ ’
ﬁ(‘}t/}sﬁ]y of fusion 3.14 (@ 111.4K) 92115 (@ 165.79 K) 13.99 (@ 182.57K)  6.636 (@ 178.15K) 6.8 (@ 166 K)
Constant pressure heat
capacity of liquid 1124 (@298.15K) 24249 (@298.15K)  224.64 (@298.15K)  157.09 (@ 298.15K) 2335 (@296K)

[J/mol K]

Font: National Institute of Standards and Technology - http://webbook.nist.gov/

1.2 Thesis objectives

This work attempts to supply a detailed kinetics model for simulation purposes and

experimental data for the validation process. The objectives can be listed as:

General objective

Development and application of detailed chemical kinetics mechanisms for pure

ethanol and ethanol containing multi-component gasoline surrogates.
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Specific objectives

In order to reach the general objective, several targets were pursued in both, the
numerical and experimental approaches:

e The development of a detailed kinetics model for ethanol oxidation for the conditions
found in internal combustion engines, both in high pressures and intermediate
temperatures,

e The use of a tailoring process to the development of detailed kinetics models for
oxidation of multi-component gasoline surrogates including ethanol, iso-octane, n-
heptane and toluene,

e The measurement of ignition delay times in shock tube as an experimental technique
to provide temperature and pressure dependent data to develop and test detailed
chemical kinetics models,

e The use of computational tools as sensitivity analysis for improvement of detailed

kinetics models.

1.3 Thesis organization

This manuscript is structured in five chapters, beginning in chapter 1 with the
objectives and contributions.

In chapter 2, the basic theories about the different areas involved in this work are
reviewed. The chapter starts with a review of the numerical modeling of combustion process
and the set of equations for laminar and RANS turbulent models are reviewed. Then, the
structure of macroscopic chemical kinetics models are presented with emphasis to the
submechanisms for small hydrocarbons, ethanol and primary reference fuels. The
fundamentals of chemical kinetics mechanism applied to hydrocarbon oxidation are
discussed. The sensitivity analysis of chemical kinetics models is presented as a
computational tool for optimization process of large chemical schemes and an extension of
this methodology developed in this work is explained. The fundamentals of shock tubes are
reviewed in two sections, one describing the shock tube experiments and the other presenting
the shock wave theory involving only two topics; the physics of shock waves and the
modeling of the CHEMKIN SHOCK package of the flow behind a shock wave. The

simulation of compressible flow in shock tubes is commented in two sections; one on
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interaction of propagating shock wave and turbulence and the other on shock wave and
boundary layer interaction in shock tubes.

In chapter 3, the experimental approach used in this work is described. The chapter
starts with the description of the High Pressure Shock Tube at University of Duisburg-Essen
and then follows describing the mixture preparation and measurement procedures. Then the
results of ignition delay times from all experiments performed in this study; Ethanol pure,
Gasoline Surrogate A (ethanol / iso-octane — 25% / 75% by liquid volume), and Gasoline
Surrogate B (ethanol / iso-octane / n-heptane / toluene — 40% / 38.7% / 10.2% / 12% by liquid
volume) are presented and discussed.

In chapter 4, the simulation models adopted in this work are presented. The chapter
starts with the description of the tailoring process of the kinetics models adopted. The
proposed detailed kinetics model for ethanol oxidation is explained and the results of the
validation against the measurements are presented. The numerical results for the multi-
component gasoline surrogate models; GS-A (ethanol / iso-octane / n-heptane), GS-B (ethanol
/ 1so-octane / n-heptane / toluene), GS-C (ethanol / iso-octane / n-heptane), GS-D (iso-octane /
n-heptane / toluene) and GS-E (ethanol / iso-octane / n-heptane / di-isobutylene) are also
presented.

Finally, in chaper 5, conclusions and recommendations for future work involving

ethanol kinetics and gasoline surrogates are presented, followed by references and appendices.
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Chapter 2: Background

2.1 Numerical modeling of combustion processes

The modeling of chemically reacting flow and heat transfer demand the solution of

conservation equations for mass, momentum, energy and mass of chemical species. This set

of conservation equations has to be solved with a chemical kinetics mechanism which

describes the transformation of reactants to products. The development of this set of

conservation equations is available elsewhere (Kuo, 1986; Peters, 2000; Poinsot ¢ Veynante,

2001).

2.1.1 Transport equations for laminar chemically reacting fluid flow

The modeling of reacting fluid flow in the continuum regime is based on the

conservation equations that can be written as (Poisont and Veynante, 2001):

Mass:

Momentum:

Energy:

apuj+a[puiuj———+
2 Ou,
T3 e {
oph 0 Dp o
It 4 _
P Gl vl

=—/1—+th YV, ,

i

Mass of chemical species k:

opY,  opuY, _ 0 [ D,

ot ox, ox,

PYV, i =-pD, (ZY

7, N
—+ Y ,
aXi p; kf;cj

[1]

2]

[3]

[4]
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In equations [1], [2], [3] and [4] V,; represents the diffusion velocity, assumed to be
proportional only to the gradient of the mass fraction, i.e., modeled by Fick’s Law for a
multi-component mixture, f,; represents the body force f/ acting over the chemical species &
in the direction i, O is the source term of volumetric energy generation by other mechanisms
not related to combustion and phase change, g, represents the conduction heat transfer flux,
modeled by Fourier’s Law with an additional contribution from the mass diffusion, 7

represents the viscous stress tensor, modeled assuming a Newtonian fluid, Dp/Dt is the
material derivate of the pressure p, A represents the molecular thermal conductivity of the

mixture, Y, represents the mass fraction of chemical species k, D, represents the Fick
diffusion coefficient of species k in the mixture, p represents the density, u, represents the
component i of the velocity u, & represents the enthalpy, u represents the dynamic viscosity
and @, represents the reaction rate of species k calculated using a chemical kinetics

mechanism.

The multi-component mass diffusion modeling by Fick’s Law may result in problems
of global mass balance. Some techniques are used to guarantee the mass balance, and these
are reviewed by Poinsot and Veynante (2001). Bird et al. (1954) and Kuo (1986) reviewed the
fundamental models for transport properties in mixtures.

In order to obtain the reaction rate of species £, the reactions of the kinetics model can

be represented as:

N N
Z"z'c,ij =ZVIZ,ij Jor j=1,..M, [5]
k=1 k=1

where N is the number of chemical species, M is the number of chemical reactions, v; ; and
A ;»are the stoichiometric coefficients of species £, in the reaction j, in the reactants side and

in the products side, respectively.
Naming W, the molar mass of species k, the mass conservation requires
N N N
Zv,'(,jWk :ZVIZ,/‘Wk or ka’jWk =0 for j=1,..M, [6]
k=1 k=1 k=1
where

Ve = V;Z,,- _v/’c,j . [7]
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The reaction rate for species & is given by the sum of its production or depletion rates

in each chemical reaction forming the kinetics model,

u M [0)

. . . kj

a)k = : 1‘,a)k,j = I/Vk z 1,Vk,ij Wlth L= Qj ) [8]
Jj= Jj=

©Vk,j

where Q; is the progress rate of the chemical reaction ;.

Mass conservation requires that the sum of the reaction rates of all chemical species is

Z€ero, 1.€.,
N . M N
>0,-3( 03, |-0. 99
k=1 j=1 k=l

Using the Law of Mass Action, the progress rate of reaction j is a function of both

forward and reverse rates of reactions with chemical kinetics constants k,; and k,;
respectively;
N Vi) N Vi)
PY; PY,
0 =k TI 2% -k T7/2%| , [10]
J fJg VV,C ~Jl;!: VV,C
where the ratio pY, /W, is the molar concentration of species k.

Determining these rate constants, &

,, and k, ;, constitutes a central problem in

combustion modeling. For elementary reactions, they are modeled by using an extended form

of Arrhenius law,

k,,=A, " Fui |y 17 Loy 11
1 = AT exp| —or = A T expl == ) [11]

where 4, ; is the pre-exponential factor, E, ; is the activation energy, £, is the temperature

exponent for reaction j and ‘R is the universal gas constant. The ratio of activation energy to

universal gas constant also can be represented as an activation temperature, 7, .. The

description of kinetics models will be explored in section 2.2.

The system of conservation equations is closed with the fluid equation of state
p=p(T,p) and caloric equations of state for the calculation of specific enthalpy and
entropy. For ideal gases, these can be obtained from the integration of specific heat functions
expressed in polynomial form (NASA Glenn thermodynamic database). This set of equations

is used to solve reacting fluid flow in laminar regime and is the same used in the Direct
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Numerical Simulation — DNS for turbulent flow, using mesh resolution and time steps
according to the DNS technique.

Alternative methodologies not involving DNS are the Large Eddy Simulation — LES
and Reynolds Averaged Navier Stokes — RANS approaches. In the next section, the equations

used in the RANS models are reviewed.

2.1.2 Transport equations for turbulent combustion by using RANS

Introducing the concept of Favre averaging (Favre, 1969) of the conservation

equations, the averaged conservation equations become:

Mass:
op 0 ,_.
—+—/(pu.)=0, 12
o "o PR 12l
Momentum:
opu,; 0 ,_..\ O 0 (— _—
~ +a—%(puiuj)+67j=a_%( l.j—puiuj), [13]
Energy:
oph, 0 (—.~\ — Dp 0.0 _— ou, 0 &
—+—|pih =0, +—+—| A——-puh! |+7, ——— v..Y.h ,
or ax,.(p”) "D 8xl{ ox, p”} s ax,.(pkz_; “"“”C] "
@:@ ula_p=@+ﬁl@+ul”8_p ,
Dt ot ox, Ot ox, OX,
Mass of chemical species:
BY, 0~ O [ i —
7+8_)Q(puiyk)__a(l/k,iyk_puiyj)—l—a)k ’ [15]

l

In equations [13], [14] and [15], terms involving means of fluctuation appear as a

—_—

result of the averaging process. These terms, puu’, pu

—_—
nn
i""s

e ﬁbz.'yvjf' , were grouped with the

diffusive terms and require a treatment for the closure of the system of equations. The terms

- ﬁbjl"uv;' are called Reynolds stresses. Wilcox (1994) presents the derivation of an equation for
the Reynolds stresses, starting with the six stress components and showing the difficulties
related to a rigorous treatment of these terms.

The last term in equation [15], demands special attention. This term represents the

time-average of the reaction rate of chemical species k. It must be observed that, in general,
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the average value of the reaction rate is not equal to the reaction rate calculated using the
mean values of temperature and mass fraction, because the fluctuations can be expressive,
when compared to the mean values.

The numerical solution of the last set of equations gives the numerical response a
combustion process. Depending on the level of the phenomenological complexity allowed in
the numerical simulation the numerical solution using current computational resources may
not be possible or tractable. Figure 2 presents a diagram of the computational viability as
related to the phenomenological complexity in the numerical simulation of a combustion

process.

Numeric simulation of a combustion process

Fluid Mechanics “ Momentum and mass conservation equations ‘ M
Turbulent flow ‘ ‘ Turbulence model ‘ M

Reactive fl . .
cactive flow = » Transport of chemical species M
(Energy and chemical species)

Turbulence Chemistry »
interaction

\ Kinetic model

Coupling model E[

Glogal
» Detailed D ?

>

Computational viability

AR
ra 11 2 '3

Phenomenological complexity

Figure 2. Computational viability related to the phenomenological complexity in the
numerical simulation of a combustion process

The first stage of the computational difficulty in Figure 2 is related to the solution of
the momentum equations and global mass conservation; interpolation functions, pressure-
velocity coupling, and other numerical factors. The second stage is associated to the flow
regime. A great part of the combustion applications are in turbulent regime, this aspect

demanding the choice of a turbulence model.
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The third level of computational difficulty is related to the reactive flow regime. This
involves the solution of the energy conservation equation and the solution of a set of (N — 1)
conservation equations of the N chemical species present in the combustion process. The
interaction of turbulence and chemistry gives the fourth increase in the computational
complexity. Different approaches have been used in order to represent this interaction such as
Laminar finite-rate, Eddy dissipation, Laminar finite-rate/Eddy dissipation and EDC Eddy
Dissipation Concept, to cite only the commonly available in commercial CFD packages. They
are not, by far, general and much development is needed. The fifth increment in the
computational complexity is related to the kinetics model used to represent the
formation/depletion of chemical species. The chemical kinetics model employed plays an
important role in the computational viability of a numerical simulation. Figure 3 presents
schematically the influence of the kinetics model (global or detailed), on the computational

viability for a numerical simulation of a combustion process.

Kinetics model

Global Detailed

[ 1/ viability ]
[ 1/ viability ]

Computational time,
Computational resources,
Computational time,
Computational resources,

/ »
» »

Phenomenological complexity Phenomenological complexity
Number of chemical species Number of chemical species

Figure 3. Influence of the kinetics model on the computational time, computational resources
and viability of a numerical simulation of a combustion process.

When a global kinetics model (reduced model, small number of chemical species) is
chosen the simulation becomes viable using current computational resources including many
phenomenological complexities of the real process. When a detailed kinetics model is
selected, the numerical simulation viability is limited to a discrete number of chemical species

and a limited description of the phenomenological complexities.
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2.2 Chemical kinetics models

The chemical kinetics models feed the reaction rate term in equation [10]. The
description of chemical kinetics, depending on the level of complexity, can be classified as
global, reduced or detailed. The difference between detailed or semi-detailed mechanisms
consists in the number of simplifications, such as quasi steady-state and equilibrium
concentrations of intermediate species, assumed when arriving at the final set of reactions.
This results in a smaller number of chemical species and chemical reactions in reduced
schemes, when compared to detailed mechanisms for the same set of reactants. Therefore, the
number of equations of conservation of mass of chemical species required to describe the
combustion problem can be significantly smaller when using global or reduced chemical

kinetics models.

2.2.1 Global kinetics models

Frequently, the target of the numerical solution of a given industrial application is only
a reduced set of characteristic parameters of the combustion process, for example, the
temperature, the pressure, the concentration of one or two chemical species, or a global fuel
burning rate. Depending on the accuracy required, this small set of parameters can be
predicted using global kinetics models. Since this result in a small number of chemical species
involved in the problem, the solution of the set of conservation equations is relatively fast and
the computational time in the numerical simulations is then reduced.

Global kinetics models are limited to a small number of chemical reactions (steps) and
species. It is very common to find global models of one or two steps involving three or four
chemical species for the most common hydrocarbons used in the industry. Westbrook and
Dryer (1981) presented a database of reduced kinetics models for the combustion of CHy,
CyHg, C3Hg, C4Hio, CsHiz, CsHia, C7His, CgHig, CoHao, CioHz2, CH30H, C,HsOH, CsHe,
C;Hg, C,Hy4, C3Hg and C,H; with air. They present the global reaction rate in the form:

k,, = AT’ exp(—E, | RT)[ Fuel]'[Oxidizer]’. [16]

In equation [16], 4 is the pre-exponential factor, £ is the temperature exponent, £, is

the activation energy, R is the universal gas constant, [Fuel] and [Oxidizer] represent the

concentrations of fuel and oxidizer with its concentration exponents a and b respectively.
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Westbrook and Dryer (1981) provide a table with parameters A4, 5, E,, a, b for single-step and
two-steps mechanisms. Commercial CFD codes, such as FLUENT and ANSYS-CFX have
implemented global kinetics models for several practical fuels of common use in the industry.
Global kinetics models make it possible the numerical simulation of reacting flows in

complex geometries with the present widely available computational resources.

2.2.2 Detailed kinetics models

Detailed kinetics models provide more in-depth information into the time and spatial
evolution of the concentration of chemical species in a combustion system. A well structured
detailed kinetics model must be able to describe all the stages of the kinetics process,
beginning with the pyrolysis/thermal decomposition of the fuel, followed by the total or
partial depletion of the fuel, formation and consumption of intermediate species and finally

describing the formation of saturated combustion products.

2.2.2.1 Fundamentals of the chemical kinetics mechanisms of oxidation of
hydrocarbons

The oxidation of hydrocarbons proceeds either by hydrogen atom abstraction or by
cleavage of C—C bonds at primary or secondary carbon atoms. In the case of aliphatic alcohol
hydrocarbons, the hydroxyl group plays a very important role for the oxidation and as a third
pathway the cleavage of the C—O bond can occur. Any of the three paths proceeds after a
temperature activated perturbation of the energy field of the molecule and can proceed either
intramolecular (isomerization) giving several sub-structures or as a result of collision with
active radical species. Independently of the case, reaction mechanisms show several
characteristic properties. Usually, reaction mechanisms in combustion follow a chain process
composed by initiation, propagation, branching and termination reactions. As an example, we
can take the mechanism for the ignition process of the hydrogen-oxygen system.

Table 3 shows the set of the most important reactions with respect to the low pressure
high temperature ignition in the hydrogen-oxygen system. The initiation reaction produces
active radical species. The propagation reactions produce the same number of radicals as are
consumed. The chain branching reactions produce more active radical species than are
consumed. Finally, the chain termination reactions lead active to stable species, at the vessel

surface (R5) or in the gas phase (R6).
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Table 3. Most important reactions with respect to ignition in the hydrogen-oxygen system
(adapted from Warnatz et al., 1999).

rxr # Reaction Kind
(1 H2 + 02 = 2OHe- chain initiation
2) OH:- + H2 = H20 + He  chain propagation
3) He + 02 = OH:- + O+  chain branching
4) O- + H2 = OH- + He chain branching
&) He = 1/2H2 chain termination (heterogeneous)
(6) He + 02+M = HO2 + M  chain termination (homogeneous)

The oxidation of hydrocarbons also follows a chain process. Methane was the first
hydrocarbon analyzed because of its simplicity. The first detailed kinetics model for high
temperature oxidation of methane dealt with the methane reaction as an H-atom abstraction
sequence from methane, forming methyl radical (CHs), with posterior conversion to
formaldehyde (CH,0), and then to formyl radical (HCO) and carbon monoxide (CO) and
finally oxidation to carbon dioxide (CO,). This kinetics scheme for methane was discarded,
because it was soon verified that CHs can recombine to ethane C,Hg and finally form H,O and
CO;, (Westbrook et al., 2005). Afterward, a very important conclusion was obtained: A
detailed kinetics model can be structured in a hierarchical form, taking as base the kinetics of
small hydrocarbons and completing the kinetics model with additional reactions for the bigger
chemical species. Figure 4 shows a schematic representation of the hierarchy of the kinetics
model for hydrocarbons oxidation.

As an example of a detailed kinetics model, in the following, the detailed kinetics
model for the H,/O, system is presented. The model presented is a simplification of the first
version of the GRIMech 3.0 mechanism and allows 28 elementary reactions among 9

chemical species.
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Figure 4. Hierarchy of kinetics models for hydrocarbons oxidation (adapted from Warnatz et
al., 1999).

The kinetics data are presented in the Arrhenius form:

E
k,=AT’ exp| ——= |, 17
s p( R Tj [17]
as described in equation [11]. In the detailed model, the reaction rate in the forward direction
is calculated using equation [17] above, while the reaction rate in the backward direction is

calculated from chemical equilibrium using the relation:

Qc:M:Keq:% : [18]

[4]'[8]

In equation [18], [I] represent the molar concentration of chemical species i in
(kmol/m’) and K., 1s the thermodynamic equilibrium constant of the reaction expressed in
molar concentration units.

The Arrhenius parameters of the backward reaction can be specified in the
mechanism, and this could be used to calculate the reverse reaction rate instead of the
chemical equilibrium relation.

Table 4 shows the adequate form to write detailed kinetics models in order to be

correctly interpreted by the pre-processor of CHEMKIN or CANTERA codes.
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The representation of elementary reactions involving a third body “M”, as reaction 1
in Table 4, is:

O+O0+M<=>02+M
H2/2.40/ H20/15.40/ AR/ 0.83/

This notation indicates different efficiencies of chemical species during collision as a
third body. Using this notation, the values for the pré-exponential coefficient in the Arrhenius
equation is multiplied by the constant provided, depending of the third body “M”. In the
example above, if the third body “M” is H2 (hydrogen) the pre-exponential coefficient would
be 2.4 times the specified value in the table for this reaction. If the third body “M” is AR
(argon) its value would be 0.83 times the specified value in the table. Usually, molecules with
a larger number of internal degrees of freedom are able to exchange a larger spectrum of

energy levels (quantized) and therefore present higher efficiencies.

Table 4. Detailed kinetics model for the H,/O; system (GRI-Mech Version 3.0
Thermodynamics released 3/12/99 with only the H/O/AR reactions).

Elementary reaction A n Ea
mole-cm-sec-K cal/mole
I [01OTM==02M
H2/ 2.40/ H20/15.40/ AR/ 0.83/ 1.200E+17 -1.000 0.00
2 | OFHIM<=>OH+M 5.000E+17
H2/ 2.00/ H20/ 6.00/ AR/ 0.70/ -1.000 0.00
3 [HrHM<—H2+M
H2/ 0.00/ H20/ 0.00/ AR/ 0.63/ 1.000E+18 -1.000 0.00
4 |t HiH2<=2102 9.000E+16 20.600 0.00
5 | HtH{H20<=H24+H20 6.000E+19 71250 0.00
6 | HrO2+M<=HO2+M
02/ 0.00/ H20/ 0.00/ AR/ 0.00/ 2.800E+18 -0.860 0.00
7 |Ht02+102<=>H02+02 2.030E+19 1240 0.00
8 | HtO2+H20<=H02+120 11.26E+18 2076 0.00
9 |H+02+AR<=>HO2+AR 7.000E+17 20.800 0.00
10 | HFOH+M<=>H20+M
H2/0.73/ H20/ 3.65/ AR/ 0.38/ 2.200E+22 -2.000 0.00
1T | OH+OH(+M)<=>H202(+M)
LOW / 2.300E+18 -0.900 -1700.00/
TROE/ 0.7346  94.00 1756.00 5182.00/ 7.400E+13 -0.370 0.00
H2/ 2.00/ H20/ 6.00/ AR/ 0.70/
12 | O+H2<=>H10H 3.870E+04 2700 | 6260.00
13 | O+HO2<=>0H+02 2.000E+13 0.00 0.00
14 | 0+H202<=>0H+H02 9.630E106 2.000 | 4000.00
15 | H+02<=>010H 2.650E+16 20.6707 | 17041.00
16 | H+HO2<=>0+H20 3.970E+12 0.00 671.00
17 | H+HO2<=>02+H2 4.430E+13 0.00 | 1068.00
18 | H+HO2<=>20H 0.840E+14 0.00 635.00
19 | H+H202<=>HO21H2 1210E+07 2000 | 5200.00
20 | H+H202<=>0H+H20 1.000E+13 0.00 | 3600.00
21 | OH+HO2<=>02+H20 2.160E08 1510 | 3430.00
22 | OHtOH<=>0+H20 3.570E+04 2400 | -2110.00
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23 OHB%?)%?;Z(%?HZO 1.450E+13 0.00 -500.00
24 OHJIFDI;IJ?’%;ZZ?"%;HZO 1.450E+13 0.00 | 17330.00
25 OHBIEJ%J?ZIZZPIIEOHHZO 2.000E+12 0.00 427.00
26 OHB%ZIDCFIEZI;O%HzO 1.700E+18 0.00 | 29410.00
27 HO%;S;?EIEZOEHHZOZ 1.300E+11 0.00 | -1630.00
28 HO%BP;%EIEZOEHHZOZ 4.200E+14 0.00 12000.00

The reaction rate of uni-molecular and association reactions is pressure dependent.
Figure 5 shows the behavior of the reaction rate for unimolecular reactions as a function of
the reduced pressure, p,, by using the Lindemann mechanism and RRKM theory. It shows

also the empiric approximation developed by Troe et al. (1982).

k, Lindemann

byl
1
+

(uni-molecular reactions) s

Lindemann mechanism
RRKM Theory

Reaction rate, k

Fcent =(1— a)exp(—%*** ) + aexp(_%*)+ exp(_T%)

=
1

v

Reduced pressure, p,

Figure 5. Reaction rate for unimolecular reactions, Lindemann mechanism, RRKM theory and
empiric F..,, factor developed by Troe et al. 1982.

The behavior of the reaction rate of uni-molecular reactions can be modeled using the
form proposed by Troe (CHEMKIN GAS PHASE KINETICS core manual apude Troe et al.,
1982). An example is given by reaction 11 (from Table 4):

OH+OH(+M)<=>H202(+M)
LOW /2.300E+18 -0.900 -1700.00/
TROE/ 0.7346 94.00 1756.00 5182.00/
H2/2.00/ H20/ 6.00/ AR/ 0.70/
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The word “LOW” indicates the low pressure limit, followed by the three numbers
corresponding to 4,, n, and E,, in the Arrhenius equation:

k, = A,T" exp(—%j . [19]

Equation [19] is used by the program (CHEMKIN or CANTERA) in order to calculate
the reaction rate for the low pressure range. Analogously, the Arrhenius parameters for the

“HIGH” pressure limit A.., n. e E, are provided and used in the expression

E
k. =AT" exp| ——= |, 20
. =4, XP( s}sz [20]

for the high pressure limit. Once both the low and high pressure limits are provided the

program calculates the reaction rate for the required pressure using the equation

k:kw(LjF , [21]
1+p,

where the reduced pressure, p,, is calculated as:

ko [M]
k

0

[22]

P, =
with [M] as the mixture concentration.
In equation [21], the function F can be defined by using two forms: Troe (CHEMKIN
GAS PHASE KINETICS Core Manual apude Troe et al.,, 1982), or SRI approximation
(CHEMKIN GAS PHASE KINETICS Core Manual apude Stewart et al., 1989).

The Troe form is

-1

B log(P)+c ’
log(F)_ 1+|:n_d|:10g(Pr)+c:|:l IOg(F:,em) > [23]

where
c=-04-0.67log(F,,) .
n=0.75-127log(F,,) ,

d=0.14 ,
and
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F, = (l—a)exp(_%***)+aexp(_T/T*)+exp(—T**/T) : [24]

When using this form, the four numbers listed after the word “TROE” below the

reaction in the detailed kinetics model, are the four parameters o, T , T e T~ of equation
[24]
The second form to define the function F is by using the SRI approximation, defined

by the expression
F=d[aexp(_%)+exp(_%)r T, [25]

1
Cl+log’(P)

where

[26]

In the detailed kinetics model used in this work, only two reactions in the Konnov
model use the SRI approximation for the calculation of the pressure dependent unimolecular
reaction rates. The others reactions in the Konnov model are assumed to be non-pressure
dependent.

Frequently, reactions taken as elementary are not in fact elementary in a collision
sense. This is the case of the pressure sensitive unimolecular reactions discussed above. There
are reactions that follow different reaction rates in low and high temperatures (Konnov, 2005).
The word “DUPLICATE” in the Chemkin format allows the possibility of modeling these
reactions in detailed kinetics models. When this word is found, the chemical reaction rate
calculated by two or more sets of Arrhenius parameters for the same reaction are added.

The nitrogen chemistry is added when air is used as oxidizer. In this case, the
H,/CO/N; kinetics sub-structure is the starting point for building the desired detailed kinetics
model (Simmie, 2003). For the combustion of hydrocarbons, the size of the kinetics structure
grows as the number of carbon atoms in the molecule increase. For example, the well known
detailed kinetics model for methane, the GRIMech 3.0, is composed by 325 elementary
reactions among 53 chemical species. In the case of the iso-octane oxidation, the detailed
kinetics model developed by Curran et al. (2002) at Lawrence Livermore National Laboratory
is composed by 3606 elementary reactions among near 857 chemical species.

Figure 6 shows an estimate of the evolution in the number of chemical species and
elementary reactions for the appropriate description of the detailed kinetics model as a

function of the number of carbon atoms in the fuel molecule, for combustion of alkanes with
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air. In the range of number of carbon atoms analyzed, a linear growth of the number of
elementary reactions and chemical species is observed, reaching an estimated value of 1250
chemical species and 4600 elementary reactions for a hydrocarbon containing 16 carbon
atoms in the molecule.

For iso-octane, Warnatz’s predictions in Figure 6 indicate that a detailed kinetics
model containing 500 chemical species forming 1500 elementary reactions should be
sufficient to the correct description of the iso-octane oxidation. Note that the kinetics model
developed by Curran et al. (2002) for iso-octane contains about twice this number of chemical
species and elementary reactions. Table 5 presents a list (not intended to be exhaustive) of

detailed kinetics models compiled from the open literature and some of their characteristics.
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Figure 6. Number of species and reactions involved in the oxidation process of alkanes at low
temperatures (adapted from Warnatz et al., 1999).

In this work several detailed kinetics models were used in order to build the proposed

kinetics models for ethanol and gasoline surrogates.

2.2.3 Detailed kinetics models for small hydrocarbon oxidation

Several detailed kinetics model have been reported for the thermal oxidation and

combustion of small hydrocarbons. In this work, the detailed kinetics model from Konnov
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(2000) was used as a kernel for the sub-kinetics database for combustion of hydrocarbons
containing up to three carbon atoms in the molecular structure. The Konnov’s detailed
kinetics model has been validated and tested numerically for several experimental conditions
covering a wide range of pressures, temperatures and stoichiometric compositions, for several
saturated and unsaturated hydrocarbons. Cancino (2004), Cancino and Oliveira (2005a, 2006)
and Cancino et al. (2007, 2008a, 2008b, 2009a, 2009b, 2009¢) presents the performance of
the Konnov’s detailed kinetics model in predicting reaction properties in perfectly stirred

reactors and shock tubes for methane, acetylene, propane and ethanol.
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Table 5. Available detailed kinetics models for combustion of hydrocarbons.

Elementary Chemical

Author Mechanism Fuel . .
reactions species

Numerically tested in Year

Shock tube, Laminar flame,

O'Connaire et al. Detailed H2 20 10
Flux reactor

2004

Shock tube, Turbulent flux
Marinov N. Detailed C2H50H 372 54 reactor, Laminar flame, Jet 1999
stirred reactor, Flux reactor

Flux reactor, Shock tube, Jet

Fischer et. al. Detailed Dimethyl Ether 351 79 R 2000
stirred reactor
. . CH4, C2H4, C2H6, Lo

Marinov et. al. Detailed C3HS, e nC4H10 689 155 PAH formation in flames 1998
Westbrook etal  Detailed n-Octane to n- 8157 2115 Pyrolysis, Shock twbe, Flux 5,0

Hexadecane reactor, Jet stirred reactor

. . CH4, C2H4, C2H6, NOX chemistry in flux

Marinov et. al. Detailed C3H6, C3HS, Nox 638 126 reactor 1998
Silke et. al. Detailed Cyclohexane 4269 1081 Rapid compression 2006

machine, Jet stirred reactor
Pitz et. al. Detailed Methylcyclohexane 4436 1001 Rapid compression machine 2007
Fischer et. al. Detailed Methyl-Butanoate e 1219 264 Static reactor 2000

Methyl-Formate
Herbinet et. al. Detailed Methyl Decanoate 8555 2878 Jet stirred rleaclor, R.a pid 2008
compression machine
Laude et. al. Detailed Dimethyl Carbonate 443 102 Counter ﬁzrv;edlffusmn 2004
. Flux reactor, Shock tube, 1998,
Curran et. al. Detailed n-heptane 2539 561 Rapid compression machine 2002
Seiser et. al. Semi-detailed n-heptane 1540 160 Counter flow diffusion 2000
flame
Curran et. al. Detailed n-heptane and iso-octane 4236 1034 High pressure flow reactor 1998
Konnov. A Detailed c1-c3 1200 1p7 ~ Shockbe, Laminar flame, ),
Flux reactor
Smith et. al. Shock tube, Laminar flame.
. > > sokok
(GRIMech 3.0) Detailed Ch4 325 3 Flux reactor

Cancino et. al. Detailed C2H50H, CI1 - C3, NOx 1136 136 Shock tube 2009

Gasoline surrogates: iso-
Cancino et. al. Detailed octane, n-heptane, 4448 1062 Shock tube 2008
toluene, ethanol

Gasoline surrogates: iso-
octane, n-heptane,

Cancino et. al. Detailed .. 4959 1126 Shock tube 2008
toluene, ethanol, di-iso-
butylene
Cancinoet.al.  Detaile ~ O9SCline surrogates: iso- 4743 1056 Shock tube 2009
octane, ethanol
Metcalfe et. al. Detailed Di-iso-butylene 3783 897 Shock tube 2007
Petersen et. al. Detailed Natural gas 665 118 Shock tube 2007
Bourque et. al. Detailed Natural gas 821 132 Shock tube, Laminar flame 2008
speed
Shock tube, Rapid
Curran et. al. Detailed Iso-octane 3606 857 compression machine, Jet 2002

stirred reactor
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2.2.4 Detailed kinetics models for ethanol oxidation

Several authors have devoted considerable time studying thermal oxidation of ethanol.
Natarajan and Bhaskaran (1981) reported the first detailed kinetics model for the high-
temperature oxidation of ethanol containing 56 elementary reactions, including the
bimolecular decomposition reaction C;HsOH + M — CH,OH + CH; + M, in other words,
proposing the C—C cleavage of ethanol. Validation against experimental data of ignition delay
time in a shock tube at pressures of 1.0 and 2.0 bar and temperatures between 1300 K to 1700
K resulted in good agreement with respect to the pressure dependence. The numerical model
at pressure of 1.0 bar overestimates the IDT in about 13%, while for pressure of 2.0 bar the
model underestimates the IDT in about 13%. Borisov et al. (1989, 1992) reported a second
detailed kinetics model for the high-temperature ignition of ethanol involving 94 elementary
reactions. This kinetics mechanism was built starting from the Natarajan and Bhaskaran
model, adding reactions that describe the pyrolysis of ethanol and some reactions representing
the thermal oxidation by active radicals, not considered in Natarajan’s model. The model was
validated against experimental results of ignition delay time in shock tubes for stoichiometric,
lean and rich compositions at pressure of 1.0 bar.

In the nineties, Marinov (1999) developed a comprehensive model for the high-
temperature ethanol oxidation. The detailed kinetics model of Marinov is composed by 383
elementary reactions among 57 chemical species. It included an accurate kinetics data-set for
ethanol oxidation, reaction routes involving H abstraction, C—C and C-O cleavage were
proposed and computational chemistry methods were used in order to determine the
Arrhenius parameters. This mechanism was validated against experimental results of ignition
delay time in shock tube, laminar flame speed in counterflow twin flame and chemical species
concentrations in jet-stirred reactor. In the case of ignition delay time in shock tube, for
mixtures with 1.25% C,HsOH, 3.75% O,, and 95.0% Argon, (equivalence ratio ¢=1.0), at 3.5
bar, the Marinov detailed kinetics model overestimates the global activation energy in about
~31 kJ/mol, when compared to the measurements from Dunphy and Simmie (1991) (£, ~ 130
kJ/mol). In general, good agreement was found with all measurements. The Marinov model
was tested for the temperature range of 1300 K to 1700 K, pressures of 1.0 bar to 4.6 bar and
stoichiometries of 0.25, 0.5, 1.0 and 2.0.

More recently, Saxena and Williams (2007) reported a kinetics model with 288
elementary reactions among 57 chemical species. This model is about 100 elementary

reactions smaller than Marinov’s and also involves the nitrogen oxidation chemistry. It was
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validated against experimental results of ignition delay time in a shock tube at high
temperatures (1300—1700 K) and pressures of 1.0 and 2.0 bar for stoichiometric, lean and rich
ethanol/O,/Ar mixtures. The Saxena model was also validated with laminar burning velocity
data from Egolfopulos et al. (1992).

Numerical studies on ethanol decomposition using computational chemistry have also
been reported, which have been useful in completing the gaps on thermodynamic and
chemical kinetics parameters as well as in pointing out important reactions and reactions with
a very high reaction barrier. Marinov (1999) used Rice-Ramsperger-Kassel-Marcus (RRKM)
theory to analyze the multichannel decomposition of ethanol. In this study, the reaction rate
parameters of the thermal decomposition of ethanol at high temperatures, involving new
degradation routes, such as H abstraction, were determined, this new data allowed to increase
the accuracy of the kinetics modeling, the numerical model of Marinov, when compared to
the experimental data of Natarajan and Bhaskaran (1981) at pressure of 1.0 bar,
underestimates the IDT in about ~3.3 %, For pressure of 2.0 bar, the model also
underestimates the IDT in about ~9.4%, which can be considered a good comparison.

Recently, Li et al. (2004) found, by using computational chemistry and taking into
account all the routes (channels) of decomposition of ethanol, that Marinov’s model
underestimates the production rate of H,O and C,Hs as well as the overall ethanol
consumption. This led to the proposal of a new set of Arrhenius parameters for the
decomposition reactions; C;HsOH = C,H4 + H,O and C,;HsOH = CH; + CH,OH. Finally, Lin
et al. (2002, 2003 and 2004) published the most recent kinetics data obtained from
computational chemistry for the thermal oxidation of ethanol. A new kinetics database was
provided, thus allowing for the prediction of the thermal decomposition of ethanol and
ethanol-radical reactions. High barrier reactions are detected and critical reactions are
identified. Table 6 summarizes this overview of the experimental and numerical results of

ethanol oxidation available in the literature.

2.2.5 Detailed kinetics model for Primary Reference Fuels.

Primary reference fuels (PRF) n-heptane and iso-octane are used to define the octane
reference scale for fully blended gasolines. n-Heptane is a reactive straight-chain paraffin
while iso-octane is a less reactive branched paraffin (Curran et al., 1998). Each fuel exhibits
richly complex chemistry. At high temperatures, fuel decomposition reactions tend to

dominate the combustion process, whereas at low temperatures, the chemistry is dominated
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by addition of alkyl radicals to O, and subsequent isomerization reactions. The Curran’s PRF
model was based on previous detailed kinetics models developed at LLNL for n-heptane, iso-
octane, n-butane and other pure hydrocarbon fuels. It was then tailored in a hierarchical form
for hydrocarbon reactive systems, and starting with a core mechanism describing the H,/O,

and CO oxidation kinetics, as it will be reviewed in the next section.

Table 6. Summary of published work involving ethanol oxidation

Parameters Experimental Numerical

Author Stud Fuel  Oxidizer ] T [K bar Year
y analyzed (Kl p [bar] Setup model
Barnard and Experimental Ethanol Hkk Ethanoll Hokk 850 -900 0066 - Reaction vessel Hokk 1959
Hughes Pyrolysis 0.46
Natarajanand - Experimental =g, o) 02 LD.T 05-10- 1300_1700 1.0-20  Shock tube whn 1981
Bhaskaran and Numerical 2.0
Methanol Constant
Giilder Experimental  Ethanol Air L.B.V 07-14 300 1 ons f:(l) rﬁ;ess“re work 1982
Isooctane
. . Ethanol
Borisovetal  Experimental 02 LD.T Hok 700 - 1550 05-6 Shock tube ook 1985
Acetaldehyde
Borisov et al Exp erlmeqtal Ethanol Hokk Ethanoll Hokk 700 - 1700 1 Reaction vessel ook 1987
and Numerical Pyrolysis
Borisov et al Numerical Ethanol 02 Chem Spec Hokk 900 - 1500 1 ok ok 1988
Dunphy and .
Simmie Experimental Ethanol 02 LD.T 025-2.0 1080-1660 1.8-4.6 Shock tube ook 1991
Dunphy et al Numerical Ethanol 02 ILD.T 0.25-2.0 1080-1660 1.8-4.6 ok RXR 1991
Experimental L.B.V 6--18 298 -453 C.F.Tw-F
Egolfopulos et al nde merical Ethanol Air/ 02 Chem Spec 0 '81 ]‘ 0 1090 1 Flow Reactor CHEMKIN 1992
and Rumerica IDT S5 1300 - 1600 Shock tube
Experimental Ethanol 0.25-1.5 23
Curran et al de ical isobutilene 02 ILD.T 0.1-4.0 1100 - 1900 35 Shock tube HCT 1992
and Rumeneal  MTBE 0.15-2.4 45
E . tal L.F.S 0.6-14 298 -453 1-2 C.F.Tw-F
Marinov an’;p;rl::Z::al Ethanol  Air/ 02 LD.T 05-20 1300-1700 1-34 Shock tube CHEMKIN 1998
Chem Spec 0.2-2.0 1000 - 1200 1 Jet-stirred R
Cancino and CHEMKIN
. . _ _ sk
Oliveira Numerical Ethanol Air I.LD.T 0.55-33 1200 1.0-5.0 CANTERA 2005
Cancino and . CHEMKIN
1 1 1 *kk
Oliveira Numerical Ethanol Air Ethanol Kinetics 1.0 1400 1 CANTERA 2006
Lietal Experimental gl Air ChemSpec  03-14  800-950  3.0-12  Flow Reactor ok 2007
and Numerical
Kohse- .
Experimental Ethanol 02 Flame structure 1.0 - 2.57 298 0.05 Flat flame Hokok 2007
Hoéinghaus
Saxena and Experimental . ILD.T 0.5-2.0 1300-1700 1.0-4.6 Shock tube CHEMKIN
Williams ~ and Numerical ~ Ctanol - Air/02 L.B.V 06-17  298-453 1 C.F.TwF  FlameMaster 200/
Cancinoetal  Lxperimental g ol Air LD.T 1.0 690 - 1200 30 Shock tube CHEMKIN 2007
and Numerical
1. D. T. = Ignition delay time L. F. S = Laminar Flame Speed

C. F. Tw-F = Counterflow Twin flame L. B. S = Laminar Burning Speed
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The major classes of elementary reactions considered in the Curran et al. (1998) model

include the following:

Unimolecular fuel decomposition,
H atom abstraction from the fuel,
Alkyl radical decomposition,

Alkyl radical + O; to produce olefin + HO'2 directly,

Alkyl radical isomerization,

Abstraction reactions from olefin by OH, H, O and CH3,

Addition of radical species to olefin,
Alkenyl radical decomposition,
Olefin decomposition,

Addition of alkyl radicals to O,,
R+R'O,=R'O+RO,

Alkyl peroxy radical isomerization (RO.2 = 000H),
RO, + HO, = RO,H + O,

RO, + H,0, = RO,H + HO,,

RO, +CH,0, = RO+CH,0+0,,

RO, +R'O,=RO+R'O+0,,

RO,H = RO+OH ,

OOOH = cyclic ether + OH (cyclic ether formation via cyclisation of diradical),

QOOH =olefin + HO'2 (radical site B to OOH group),

Addition of QOOH to O,

Isomerization of OZQOOH and formation of carbonylhydroperoxide and OH ,

Decomposition of carbonylhydroperoxide to form oxygenated radical species and

OH ,
Cyclic ether reactions with OH and HO, ,

where Rand R' are alkyl radicals or structures and Q are C,H,, are species or structures.

All of these reaction groups are described with details in Curran et al. (2002).
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From the description above, the treatment of binary mixtures of pure components is
already fairly complex and the complexity increases largely as the number of components
increases. In this work, the detailed kinetics model for PRF of Curran et al. (1998) was
adopted as kernel for the tailoring process of the multi-component gasoline surrogates models

proposed in chapter 4.

2.3 Sensitivity analysis as a method for analysis and optimization of kinetics
models

Sensitivity analysis is a computational tool widely used for optimization of detailed
kinetics models (Cancino et al., 2009b; Metcalfe et al., 2007, Andrae et al., 2005; Brezinsky
et. al., 2005; Dagaut et al., 2002; Glarborg et al., 2001; Dunphy et al., 1991; Egolfopoulos et
al., 1992; Andrae, 2008; Andrae et al., 2008; Griffiths, 1995) since it gives information about
the more important (sensitive) reactions of a kinetics scheme. The methodology can be
applied to the time-evolution of the chemical species of a reactive system as found, for
example, in the autoignition of reactive mixtures in perfectly stirred reactors. The target in the
sensitivity analysis has to be at least one of the dependent variables involved in the problem,
for example, sensitivity on temperature, concentration or reaction rate of a chemical species.
Independent variables can not be defined as target for sensitivity analysis. For example, it is
not possible to perform a sensitivity analysis on ignition delay time of thermal oxidation of
hydrocarbons.

When the target is an independent variable of the system, the methodology is based on
an indirect approach. For thermal ignition, for example, it is known that the hydroxyl radical
is a very important chemical species affecting both the fuel depletion and the temperature
increase. Then, to study the prediction of ignition delay time, the target can be fixed as the
sensitivity on the concentration of the hydroxyl radical. In the next sections, the fundamentals
of the sensitivity analysis are reviewed. Additionally, an extension of this method, developed

and applied in this work, is presented.

2.3.1 Sensitivity Analysis.

The major purpose of the sensitivity analysis is to determine the local performance of
a system of equations when there is a perturbation in a selected parameter. In a kinetics
context, the response of the system is examined when the Arrhenius parameters of the kinetics

mechanism are changed, for a set of boundary conditions. The response is usually measured
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relative to the magnitude of the changes that are introduced. The magnitude of the sensitivity
coefficient for a particular rate constant is related to the influence on the behavior of that
particular reaction, i.e., the sensitivity analysis represents a local analysis in a reactive system.
The mathematical approach of sensitivity analysis is presented following Griffiths (1994).

Consider the non-linear mass conservation equation

%:fi(k,c) , i=1.,N [27]

in which k and c are the rate coefficient and species concentration vectors, respectively and N
is the number of chemical species. In order to generate a solution for equation [27], it is
necessary to specify the component values for the vector K. The concentration vector C is a
function of the parameter vector as well as time c(k,f). A first order sensitivity coefficient

with respect to species Ci may be defined as

, C.(k.+Ak..t)—cC.(k.,t
%6 (g = S AN 70D
ok . Ak,

J
and represents the change in a species concentration ; at time ¢ owing to a change in the ;j”

[28]

rate parameter k; (or the /™ component of any parameter vector, in general). The gradient and
its second order counterpart,

(5201)
(k)

J

[29]

convey quantitative information about the solution in the vicinity of the operating point. The
linearized response of the sensitivity with respect to time throughout the reaction data set is
given by

i & :Zjﬂﬁ_,_%’ [30]
dt 5kj 5kj 5kj

l

in which Jj is the Jacobian matrix defined as

g, =2k [31]
oc,

Equation [30] must be solved by numerical integration in order to obtain deviations in
Ci() as a result of the changes in k. If the ordinary differential equations describing the species

concentration of time are stiff, as is normally the case in combustion reactions, then the
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sensitivity equations are likely to be difficult and computationally expensive to solve. Once
the sensitivity coefficients have been obtained, they are usually normalized using the

expression
0 [ln c (t)]

The order of magnitude of ), gives the relative importance of the ™ reaction in

influencing the concentration of species i at time ¢. Setting each £; to zero and calculating the

corresponding sensitivities, @, indicates the significance of the ;™" reaction. If all coefficients
w, for the ;" reaction are very small, in relation to the higher value, then the / reaction may
be regarded to be unimportant. Conversely, if one or more of the normalized sensitivities @,

are large, then the j reaction is said to be determining for the i”" species.

Reaction Number in the Konnov Mechanism
[Without NOx Kinetics]

9 8 7 6 5 4 3 2 -1 0 1 2 3 4 5 6 7 8 9 10

Sensitivity Coefficient for the OH Radical

Figure 7. Typical bar diagram for sensitivity analysis at a specific elapsed time.
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Figure 7 shows a typical bar diagram of sensitivity analysis applied on the Konnov
(2000) detailed kinetics model. In the diagram, it is possible to determine the more important

reactions for the production and consumption of radical hydroxyl, just at ignition time.

2.3.2 Integral form of the sensitivity analysis

The sensitivity coefficients in a sensitivity analysis, as described above, may be
obtained for each time-step of a transient solution. For example, in a simulation of thermal
oxidation the output file from CHEMKIN contains the sensitivity coefficients of all reactions

for all time-steps, and thus can be analyzed as a function of time-step, as shown in Figure 8.

551 [tgniton

o 504 <—{ Ignition delay time ‘L

3 45

= 1

o] ‘3‘2 . — RxR1
sS40 -

g ] RxR2
s 30 — RxR3
2.5 .. —
= 4 | Positive effect RxR4

2.0+ . .
= { | increasing Temperature — RxR5
ko) 1.5 ] —RxR6
i= R RxR7

0.5 4
o i RxR8
o
o 0.0 ] P R_XR9
é\ -0.5
.2 104 | Negative effect )
g -1.51 | decreasing Temperature RxRn
(2 -2.0 —-

254 "

-3.0 —r T /T T T T T

2 4 6 8 60 62 64 66 68 70 T2 7
Time step

Figure 8. Example of sensitivity output file for a reactive system showing the sensitivities of
reactions R; on the temperature at each elapsed time.

The analysis of graphics as Figure 8 is relatively easy when the number of reactions
forming the system is relatively small. However, when the kinetics scheme is large and the
number of important reactions is substantial it is very difficult to extract useful information
from such diagrams. In these cases, it is necessary the use of computational tools for
automatic data post-processing.

It is common to find in the literature results of sensitivity analysis on temperature or
chemical species in the form of Figure 7, showing the results at a specific elapsed time of a

thermal oxidation process, for example, just at the ignition time (see ref. Cancino and Oliveira
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2006; Metcalfe et al., 2007, Andrae et al., 2005; Brezinsky et. al., 2005; Dagaut et al., 2002;
Glarborg et al., 2001; Dunphy et al., 1991; Egolfopoulos et al., 1992; Andrae, 2008; Andrae et
al., 2008). The reactions are indentified at the ignition time and their Arrhenius parameters are
altered or optimized in order to better reproduce the experimental data. However, when the
analysis at a single elapsed time is used, although some reasonable results may emerge, a
large amount of information is lost. The reason is that the ignition event does not depend only
on the set of reactions with higher sensitivity at the ignition point, but rather on all the kinetics
events that occurred previously to that point, from the “start” of the kinetics process up to the
“ignition point”. In other words, the ignition is a consequence of the kinetics events in the
system that occurred during the entire ignition delay period.

Therefore a computational tool for the data post-processing of output files from
CHEMKIN sensitivity analysis was developed in this work to account for the response of the
sensitivity analysis of all reactions at all time-steps during the ignition delay period. This
procedure will be called the overall analysis. In this overall analysis, reactions are classified in
three levels of “importance” depending on the value of the sensitivity coefficient calculated
by CHEMKIN. This classification is applied independently for positively and negatively
affecting reactions at each time step. Figure 9 presents an example of this classification for a
given elapsed time.

Reactions identified with ( + + + ), ( + + ) and ( + ) represent the three levels of
importance: ( + + + ) to the reaction with the largest sensitivity coefficient, ( + + ) to the
reaction with the second largest sensitivity coefficient, and ( + ) to the reaction with the third
largest sensitivity coefficient. The same procedure is applied for the reactions with negative
effect. Figure 10 and Figure 11 present an application of this classification procedure at three
different time steps, two before ignition (time steps 1 and 17) and the last at the ignition time
(time step 89). In Figure 11 one can see that at the beginning of the kinetics process (time-
steps 1 and 2), reactions RxR-332, RxR-56 and RxR-389 have the largest positive sensitivity
coefficients, and reactions RxR-336, RxR-918 and RxR-787 have the largest negative
sensitivity coefficients.

Afterwards, at time-step 17, a new set of reactions hold the largest values (positives
and negatives) of sensitivity coefficients. Finally, at the ignition point, time-step 89, a new set
of reactions are found the most important: Reactions RxR-332, RxR-21 and RxR-389 with
positive effects; and RxR-19, RxR-761 and RxR-321 with negative effects. Once this
classification is completed, the method calculates the amount of the ignition delay period in

which each reaction remains important, generating an output file as exemplified in Figure 12.
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Negative effect Positive effect

334 M (++)

(R337) C,H,OH +OH = PC,H,0+ H,0 (R334) C,H,OH =CH,OH +CH,
140 (R17)  H+HO,=H,+0, (R53) CH,+HO, =CH,0+0H
121 (R15)  HO,+OH =H,0+0, (R9) H+0,=0H+O0

53 M(+)

Reaction Number in the Konnov Mechanism
[Without NOx Kinetics]

15 ("')E[ (+++)
9 /]

9 8 7 6 5 -4 -3 2 1 0 1 2 3 4 5 6 7 8 9 10

Sensitivity Coefficient for the OH Radical

Figure 9. Example of importance levels for sensitivity coefficients adopted in this work.

This output presents the percentage of the total ignition delay period that a given
reaction remains as the reaction with the first, second or third largest sensitivity coefficient,
ranked separately for positive and negative effects. Note that this technique does not yield any
time-integral (absolute) sensitivity coefficient. Rather, it gives information about what
reactions are more important during the ignition delay time based on the values of sensitivity
coefficients calculated for each time step.

Figure 13 presents the information obtained by using this overall method of sensitivity
analysis when compared to the information generated by the sensitivity analysis only at the
ignition point. At the ignition point, only six reactions are pointed out as most sensitive, while

the overall analysis provides more complete information. From the reactions with the largest
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negative coefficients, at ignition point, reaction RxR-19 is the most important reaction

responsible for the decrease of temperature.

Temperature

Time step 1

Reactions with more
positive influence:
RxR-332 (+++)

RxR-56 (++ )
RxR-389 (+ )

Reactions with more
negative influence:
RxR-787 (-)
RxR-918 (- -)
RxR-336 (- --)

Ignition delay time

Time step 17

Reactions with more
positive influence:
RxR-332 (+++)

RxR-327 (++ )
RxR-896 (+ )

Reactions with more
negative influence:
RxR-539 (-)
RxR-886 (- -)
RxR-549 (- - -)

Ignition

Time step 89
* IGNITION *

Reactions with more
positive influence:
RxR-332 (+++)

RxR-21 (++)
RxR-389 (+ )

Reactions with more
negative influence:

RxR-321 (-)
RxR-761 (--)
RxR-19 (---)

>

—

Time Step

v

Figure 10. Classification of reactions in three different time steps (time steps 1, 17 and 89)

Al
Time step 1

during the ignition delay period.

t time step 17, the most important reaction with a positive effect
is the reaction RxR-332, followed by RxR-327 and RxR-896

—

Time step 89
IGNITION

(++4) RXR # 332 RXR#332] ...... RXR # 332 RXR #332] ...... RXR # 332 RXR # 332
3.21B-09 1.62E-08] ... 9.09E-06 1.19E-05] ... 8.01E+00 5.16E+00

positive [ ]| [TRXR#56 RXR#56 | ....... 1 |RxRER2T| | [RXR#327 o og | RXR#21 RXR #21
Effect 2.99E-09 9.35E-09) ... 5.02E-06 6.97E-06| ....... 4.95E+00 3.27E+00
- RXR # 389 RXR#389 | ...... RXR # 896 RXR#896 | ..... RXR # 389 RXR # 389
1.25E-09 4.32E-09) ... 4.81E-06 6.65E-06] ....... 3.13E+00, 2.09E+00
-9 88E-10) 2.68E-09) ... ~4.40E-06) 6.09E-06) ....... _1.64E+00 _1.10E+00

= RXR # 787 RXR#919 ...... RXR # 539 RXR #539 ... RXR #321 RXR #321
Negative [ECF] | [ 378809 3.78E-09) ..... 17 | 64906 | o[ -896E-06) ... g8 |-L7IE+00 _1.15E+00
Effect RXR #918 RXR #0918 ... RXR # 886 RXR #886 | ....... RXR #761 RXR #761
-8.76E-09 6.75E-09) ...... -6.97E-06) 9.63E-06)| ....... -1.90E+00 _1.28E+00

) RXR # 336 RXR #336] ....... RXR # 549 RXR#549 | ....... RXR # 19 RXR # 19

N

RxR-539

At time step 17, the more important reaction with a negative effect is the reaction RxR-549, followed by RxR-886 and ]

Figure 11. Reactions selected as the most important with positive and negative effects.

From the overall analysis, it is verified that reaction RxR-19 is at first place/level as

most important reaction during only ~6% of the ignition delay period, while reaction RxR-
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321 is at first place/level during ~82% of the ignition delay period. Therefore, RxR-321 has a

higher or at least equivalent importance as reaction RxR-19.

B d E e e e e e e
wawww Third (_j TEfﬂp TR R R

Reaction rRanking (% of IDT)

1%, 00000 2.247191

56, 00000 23.59550

321.0000 3.370786

327.0000 23.59550

336.0000 1.123595

539. 0000 7.865169

549. 0000 6. 741573

761. 0000 16.85393

787.0000 1.1235935

886, 0000 4.494382

909. 0000 1.123595

915, 0000 7.865169
R R TR TR R R R R R R R R R R R R TR TR R R R TR R R R TR R R R
HREEEW Sechd (_ _) TEII'I L RR R TR R R T TR TR TR TR TR TR R TR
Reaction ranking (% of IDT)

19, 00000 22.47191

56, 00000 21.34831

321.0000 3.370786

327.0000 30.33708

545, 0000 4,494382

761. 0000 3.370786

B886. 0000 B. 988764

918, 0000 2.247191

919. 0000 3.370786
Rl R R R R R N
wEEHE EirsT (_ - _j Temp L
rReaction ranking (¥ of IDT)

19, 00000 6.741573

321. 0000 B82.02247

336,0000 2.247191

549, 0000 8. 988764

R R R O R R R R

Figure 12. Example of an output file of the ranking process of reactions with negative effect
on temperature over the ignition delay period.

LR T R A A L A e

o "‘“"‘"“’_Th'ii"d (-1 Tammp sk
wwwww Eirst (+ + +) Tem LRI AR Reaction ranking (% of 1DT)
Reaction ranking (% of 10T) 19, 00000 2-243191
327.0000 5,617078 56, 00000 23.59550
332.0000 54.38202 321.0000 3.370786
BB BB BB BB BB R R HORR R RORH BB BB R RXR # 332 327.0000 23.59550
Wik Gaeond (4 4) TEMP WIS RO " 336.0000 1.123595
reaction ranking (% of 10T) 3. 16E+00 539.0000 7.865169
21.00000 79.77528 RXR #21 549. 0000 6,741573
56. 00000 3.370786 3.27E+00 761. 0000 16.85303
327.0000 2.247191 - 787.0000 1.123595
332.0000 2.247191 RXR # 389 886.0000 4.494382
336.0000 8, 988764 2.09E+00 323-8888 %%égigg
uwﬁgE;\reE22#wwmuwwa\luizezgs\uwvxuuwwuwvxuwwwuww RN RN RN RN N R HHHHH AN AR
wasww Third (+) Tem PR T L L L LT L T R e -1.10E+00 "****-Secgnd (- =) ‘!'emp Rt bR bR bR bR R
Reaction ranking (% of IDT) _ Reaction Rankmg (% of 1DT)
389, 0000 52.80899 19.00000 22.47191
787.0000 38.20223% -1.15E+00 56. 00000 21.34831
8096.0000 5.617978 321.0000 3.370786
900.0000 3.370786 ?ﬁ;.gggg ioigiggg
e e B " . .
1.28E+00 761.0000 3.370788
886.0000 B, 988764
918. 0000 2.247191
919. 0000 3.370786
R e S
S .t. o T tu HhEEE EIPST (- - ) TEmp  WWRHRR kR
cnsitivi on l1emperature rReaction ranking (% of 1DT)
t)/ I) 19.00000 6.?4%573
321.0000 82.02247
336.0000 2.247191
549. 0000 8. 988764

R R ey

Figure 13. Additional information obtained by using the overall analysis developed in this
work.
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In the second level of importance, at the ignition point, reaction RxR-761 is the second
most important reaction to be optimized. However, from the overall analysis, reaction RxR-
761 is the second most important reaction at about ~4% of the ignition delay period, while
reactions RxR-327, RxR-19 and RxR-56 are in the second place of the ranking during about
~30%, 21% and 20% of the ignition delay period. In the third level of importance, at the
ignition point, reaction RxR-321 appear as the third most important reaction while from the
overall analysis, reaction RxR-321 is the third most important reaction at only about ~3% of
the ignition delay period while reactions RxR-327, RxR-56 and RxR-761 appear in the third
level during ~23%, ~23% and ~16% of the ignition delay period. Therefore, the overall
analysis points out those reactions RxR-327, RxR-56, RxR-336, RxR-549, RxR-886 are
important reactions to be optimized in order to improve the kinetics model with respect to the
ignition delay time.

This overall method developed in this work was applied to the optimization process of

the ethanol detailed kinetics model described in section 4.1.

2.4 Fundamentals of shock tube

2.4.1 Shock tube experiments

The shock tube is a laboratory device which is extensively used in studying unsteady
short-duration phenomena in the fields of aerodynamics, physics and chemistry (Saad, 1993).
Transient wave phenomena occurring when a shock wave propagates at high speed, as well as
the wave structure and wave interactions, can be studied in shock tubes.

Because of the high stagnation enthalpies (and temperatures) that are obtained, the
shock tube provides means to study phenomena, such as the thermodynamic properties of
gases at high temperatures, dissociation, ionization and chemical kinetics. Basically, a shock
tube consists of a long tubular reactor which is initially separated by a thin diaphragm into
two parts. One of them, the low pressure chamber, is filled with the test gas. The compressed,
driver, gas is fed into the second part, the high pressure chamber. At a given time, the
diaphragm is rapidly burst and the highly compressed driver gas flows into the low pressure
chamber. A shock wave is then propagated through the test gas, while a rarefaction wave
travels through the driver gas. The axial pressure and temperature distributions before and

after bursting of the diaphragm are shown schematically in Figure 14.
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Figure 14. Operation of a shock tube, (a) Initial state, (b) and (c) Propagation of the incident
shock wave, (d) and (e) Propagation of the reflected shock wave (Adapted from Zel’dovich et
al. 1966a).

Figure 14 shows the axial pressure and temperature distributions, at (a) £ = 0, and for
two intermediate times, (b) and (c) showing the distributions of p and T before the arrival of
the incident wave to the end wall, and (d) and (e) showing the axial distribution of p and T
after the reflected wave reaches the sample gas. In Figure 14, it can be observed that the
incident and reflected shock waves induce two increments of temperature and pressure in the
test gas.

Successive longitudinal time-pressure distributions, indicating the shock front
position, can be plotted in an x-¢ diagram, i.e., the typical distance-time diagram, as shown in
Figure 15 (Zel’dovich et al. 1966a; Kee et. al., 2000).

At time ¢ = 0, the diaphragm is ruptured and a series of compression waves rapidly

collapse into a normal shock wave. This wave propagates at supersonic speed in the driven
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section and sets up the fluid downstream to it in motion in the direction of the shock, at

velocity Uj,.

L9

ﬁ Low pressure section High pressure section j

Reflected
rarefaction
g | s head

~~—_ N .
Reflected Shock *._ Contact surface
AN . /

Rarefaction
wave tail

Time

< Rarefaction
@ wave head

Distance

Figure 15. Distance time diagram in shock tube (Adapted from Kee et. al., 2000). Zone 1 —
unshocked gas, zone 2 — shocked gas (incident shock), zone 3 — expanded driver gas, zone 4 —
unexpanded driver gas, zone 5 — shocked gas (reflected shock).

Downstream the incident wave, the contact surface between the driven and driver
gases moves at velocity U,. The difference between U, and U, permits that the test gas
achieves the condition of high pressure and temperature (75, ps), required by the experiment
when the reflected wave is formed and before the arrival of the contact surface. This is shown
as region 5 in Figure 15, where the test gas is under uniform conditions. Simultaneously, at
the driver section, a set of rarefaction waves propagate in the opposite direction inside the
driver gas. The arrival of the rarefaction waves also disturbs the test gas. The time interval
between the arrival of the reflected wave and of the contact surface is the available time for

measurements, At,;.

2.4.2 Shock wave theory
2.4.2.1 Physics of shock wave

A shock wave is a wave in which the properties of a gas change sharply within a short
distance in space. When momentum and energy diffusion is neglected, the shock wave

manifests itself in the solution of the conservation equations as a mathematical discontinuity.
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When these dissipative processes are taken into account, the net effect is to change the
discontinuity into a slightly gradual transition which takes place within a distance of a few
molecular mean free paths (Bird et al., 1954; Zel’dovich et al., 1966b).

The mathematical solution of the one-dimensional steady-state flow equations for a
viscous and heat conducting gas is given by Bird et al. (1954) and Zel’dovich et al. (1966b).
This solution allows to estimate the shock wave thickness for nitrogen at 25 °C, and a
pressure ratio p/py of 1.71 at pressures py from 42 to 85 bar, as varying from 1.0x10" pm to
3.2x10" um. Using kinetic theory is possible to estimate the molecular mean free path for
given conditions, in this case, taking the molecular mean free path /) as 10” um, these values
correspond to 1.0 to 3.2 molecular mean free paths.

Obviously the shock wave thickness cannot be smaller than the molecular mean free
path, since the gas molecules flowing into the discontinuity take at least a few collisions in
order to scatter the directed momentum and to convert the kinetic energy of the directed
motion into kinetic energy of random motion (temperature). At the same time, the thickness
of the shock front in the case of any strong wave cannot include many mean free paths, since
the molecules of the incident stream lose, on the average, an appreciate fraction of their
momentum during each collision. The relatively small number of molecular collisions that
occur within this short distance is, roughly, the minimum number needed to relax the
Maxwell-Boltzmann equilibrium velocity distribution from the kinetic conditions upstream to
the shock to those prevailing downstream the shock. However, this small number of collisions
is not sufficient for the mixture to reach chemical equilibrium. The chemical species
concentrations remain frozen across the shock and slowly evolve towards the equilibrium
distribution after the shock has passed. This evolution towards equilibrium is controlled by
chemical kinetics.

Since the gas undergoes an appreciable change of properties in a length equivalent to a
small number of mean free paths, the Navier-Stokes equation, which relies on the continuum
approximation, is often insufficiently accurate to describe the structure and thickness of the
wave. The macroscopic conservation equations can, however, be used to describe the
evolution of the flow properties upstream and downstream to the shock wave, where the
continuum hypothesis is applicable. A comprehensive discussion about the shock structure

can be found in Zel’dovich et al. (1966b).
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2.4.2.2 Boundary layer interaction

When a fluid is set in motion in contact to a solid surface a fluid-dynamic boundary
layer is formed. When a shock interacts with a boundary layer, the thickness of the layer is
zero at the shock front, increases across the shock wave and contact surface and reaches its
free stream value in the expanding driver gas. This thickness falls back to zero again at the
trailing rarefaction wave. In an ideal shock tube experiment both the shock and the contact
surface are plane sharp discontinuity surfaces, move with constant velocity and the flow
between then is uniform. Boundary layer effects, however, are present in shock tube
experiments and can modify the expected ideal performance. The presence of a wall
boundary layer causes the shock to decelerate (shock attenuation), the contact surface to
accelerate and the flow to be non-uniform (Mirels, 1963; Rudinger, 1961)

Figure 16, adapted from Mirels (1963), presents a rendering of (a) the x-# diagram and

(b) the flow velocity at time ¢, for an incident shock wave.
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Figure 16. Boundary layer in shock tube (Adapted from Mirels, 1963).

The difference between the ideal and the real positions of the shock and the contact
surface can be noticed. It can also be observed that the boundary layer begins at the incident
shock wave and ends at the rarefaction wave while its thickness increases with time.

Rudinger (1961) reports the effect of the boundary layer growth on shock reflection
from a closed end. It is shown that the pressure behind a propagating shock wave increases

slightly with time as a result of the growing of the boundary layer, and that this pressure
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increase is significantly magnified by the reflected shock wave. Finally, we note that turbulent
eddies wrinkle the contact surface promoting mixing between reactants and driver gases.
Mirels (1963) also provides a relation for the critical Reynolds number for transition
from laminar to turbulent regime in the boundary layer in the case of low pressure shock
tubes. He shows that transition to turbulent boundary layer becomes more likely as the initial

pressure of the shock tube and the shock Mach number increase.

2.4.2.3 1D modeling of flow behind shock waves

The set of equations whose solution describe the concentration, velocity and
temperature distributions around the shock wave are derived from the classical conservation
laws of mass, linear momentum and energy for gas phase reactive flows. In the CHEMKIN
SHOCK package, the flow is assumed to be adiabatic and one-dimensional; mass, heat and
linear momentum diffusion are neglected and ideal gas behavior is assumed. Since test times
downstream to shock waves are typically of the order of a few hundred microseconds,
molecular transport has a negligible effect on the flow field. Initial conditions for the
governing equations are derived from the Rankine-Hugoniot relations for flow across a
normal shock. The conservation equations for one-dimensional flow through an arbitrary

cross-section tube solved in the CHEMKIN SHOCK package are:

Continuity:
puA = constant , [33]
Momentum:
du dp
u—+—=0, 34
P dx dx 34]
Energy:
dh +u du =0, [35]
dx  dx
Mass of chemical species:
dy, .
pu—~Lt=aW, . [36]
dx
Temperature is related to the specific enthalpy of the gas mixture through the
relations:
N
h=>hY, [37]
k=1
and

T
b =(h),+]c,.dT . [38]
Iy
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The net molar production rate of each species due to chemical reaction is denoted by

®, . The equation of state relating the intensive thermodynamic properties is:

pW =pRT , [39]

where the mixture molecular weight, W, is determined from the local gas concentration
using:

[ f—— [40]

> Y W,
k=1

In the shock tube experiments, the usual measurable quantities are density, species
concentration, velocity and temperature as functions of time. It is therefore desirable to have
time as independent variable and not distance. Employing the relation
d d
—=u—, [41]
dt  dx

and differentiating equations [37], [38], [39] and [40], and combining the results, the

following set of coupled, ordinary differential equations are obtained:

N We T 23
o o L4 17/ W Ly N IR L L) B R)
dt p+pu /cpT—pu We, o w, A We, )dx

— =, 43
& p [43]
2
d_uz_ﬁd_p_u_(ﬁj , (4]
dt pdt  A\du
2 N 3
g:_”_d_p_Lzhka)kaJr u (d_Aj . [45]
dt pc, dt  pc,iT Ac, \ dx

The time-histories of the measurable flow quantities should satisfy these relations. The
CHEMKIN SHOCK solver uses the set of equations [42], [43], [44] and [45] in order to
determine the mass concentration, pressure and temperature time-histories of the system by

using the corresponding initial conditions.
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Chapter 3: Experiment
3.1 The High Pressure Shock Tube at IVG

The high pressure shock tube at IVG — University of Duisburg Essen is composed by a
tubular section of 12.5 m divided by a diaphragm into a driver section of 6.1 m and a driven
section of 6.4 m in length.

The device is instrumented at the low pressure section with pressure and
quemiluminescense sensors in order to capture the incident and reflected shock waves and the
time of ignition in each experiment of ignition delay time. Figure 17 shows a diagram with the
basic compounds of the shock tube.

Figure 18 shows a photograph of the high pressure shock tube facility. Several kinetics
studies of ignition delay times in pure fuels and gasoline surrogates have been performed in
this device (see ref. Firki et al., 2008; Herzler et al., 2005; Hartmann et al. 2009; Herzler et al.
2007).

Valve for injection of

Tube diameter = 90 mm
test mixtures
Piezo pressure
é % é transducers
T

i ; High pr I
Driven section ghp ‘CSSU e j‘
section

Filter o Aluminium diaphragm
<O Photomultiplier

ok

MFC
Mass Flow Controlers
‘ COF—k———
Vacuum system

Figure 17. Diagram with the basic compounds of the shock tube at IVG — UDE (Germany).
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il

Figure 18. High Pressure Shock Tube at IVG — University of
Operation Pressure = 500 bar.

Duisburg-Essen. Maximum

3.2 Uncertainties related to the shock tube experiments.

There are several uncertainties associated to the ignition delay time measurements in
shock tube experiment. The more representative systematic errors are related to the mixture
preparation position of pressure and chemiluminescence devices, formation of boundary layer

and optical access of the chemiluminescence sensor to the region of test.

3.2.1 Mixture preparation and injection into shock tube test section.

The pure hydrocarbon fuels were acquired from Merck KGaA, Darmstadt, Germany,
with purity > 99.8 %. The liquid mixtures were prepared in clean and haled glass-recipients.
The liquid volume of mixture for each set of experiments was dosed at the volumetric
composition of each binary (GS-A) and quaternary (GS-B) blends of gasoline surrogates.

The homogenization of the mixture in liquid phase is warranted by manual slow
circular movements of the glass recipient during a short period of time of approximately of 3
min. The mixing is done inside a laminar flow cabinet, as shown in Figure 19 (A). The
injection of the mixture into the shock tube is done using a syringe HAMILTON CO USA, of
5 ml, as shown in Figure 19 (B) and (C).
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Figure 19. (A) Cabinet for mixture preparation. (B) Syringe used to the injection of the
mixture to the shock tube. (C) Injection of the gasoline surrogate into the shock tube.

After injection of the liquid mixture into the shock tube, the mixture begins to
evaporate. Usually 1.5 hours later, the pressure reached in the test section is measured and
compared to the value calculated theoretically by using Dalton’s Law, taking into account all
the compounds in the mixture of gasoline surrogates. In this work, in all the valid tests there
was no difference between the measured and calculated values of pressure after injection of
the mixture into the shock tube test section. This fact was taken as a confirmation that there
was total evaporation of the liquid mixture inside the shock tube. Also, it is leave into account
the value of the vapor pressure of compounds in the mixture, the vapor pressure of each
component have to be greater than the measured/calculated pressure after injection of the
mixture into the test section of the shock tube, as shown in Table 7.

After the complete evaporation of the liquid mixture, the test section is filled with
synthetic air (Stickstoff 4.6 AIR LIQUID Deutschland GmbH), manometrically, till the
pressure reaches the calculated value of p; (see Table 7). In this work the synthetic air load
was performed carefully and the value of p; always match the calculated value. One hour after
the synthetic air load process is finished the experiment is performed. The synthetic air load

process generates high turbulence levels inside the test section. This fact guarantee two
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aspects: (a) the homogenization of the reactive mixture and, (b) it helps to reduce the

possibility of stratification due to the density difference among the mixture components.

Table 7. Typical table for shock tube experiments at IVG-UDE

Gasoline Surrogate - B -- Data for P5 =50 bar -- g =1.0
Pressure (mbar) Liquid Argon Helium
BXp-# | after injection) | FLA (Mban | P2@tm) | T2 (K) | TS (K) | V(M) |\ tire (mi) | (menh) | (menin)
\ 33.880 1022.40 9.74 765.64 1200.00 1021.00 4.430 7.88 200.00
\% 37.236 1123.70 10.04 740.15 1150.00 989.70 4.869 9.44 200.00
\% 41.183 1242.80 10.38 714.66 1100.00 957.70 5.385 11.20 200.00
\ 45.855 1383.80 10.76 689.23 1050.00 925.00 5.996 13.20 200.00
\% 51.466 1553.10 11.19 663.83 1000.10 891.50 6.730 15.40 200.00
\% 58.295 1759.20 11.68 638.42 950.04 857.09 7.623 17.90 200.00
\ 61.360 1851.70 11.90 628.55 930.50 843.45 8.024 19.00 200.00
\% 66.692 2012.60 12.26 613.18 900.07 821.89 8.721 20.00 192.00
\% 77.190 2329.40 12.93 588.06 850.08 785.79 10.093 20.00 165.00
\4 90.584 2733.60 13.72 563.08 800.02 748.70 11.845 20.00 141.00
\% 108.005 3259.30 14.68 538.30 750.00 710.61 14.123 20.00 121.00
\% 136.784 4127.80 16.11 508.84 690.04 663.50 17.886 20.00 99.00
Total liquid mixture (ml) 97.700
Shock tube pre-heated to: 338.15 K - (65 °C)
Mixture: **** Gasoline Surrogate B ****

Ethanol 40.0 % (Volume) -Vapor Pressure (mbar) @ T=338.15 K ----- P v =584.41 mbar

iso-Octane 37.8 % (Volume) - Vapor Pressure (mbar) @ T=338.15 K ----- P v =342.50 mbar

Toluene 12.0 % (Volume) - Vapor Pressure (mbar) @ T=338.15 K ----- P v =1225.10 mbar

n-Heptane 10.2 % (Volume) - Vapor Pressure (mbar) @ T= 338.15 K ----- P v=337.93 mbar

Brazil - Leonel Dez 18, 2007 IVG - UDE

The pressure transducers (KELLER Druckmesstechnik type PAA-35XHTC) have an
accuracy of 0.5 % FS (Full Span). This value can be used in order to estimate the uncertainties
in the stoichiometry, ¢. Taking the last experiment on Table 7 as an example for error
calculations, pressure after injection of 136.78 mbar and fixing p; as 4127.80 mbar, the
accuracy of the device indicates an error propagation, of about £+ 0.009 in the stoichiometry of

the mixture, ¢@.

3.2.2 Shock speeds measurements.

Shock speeds were determined by using the signals of three piezopressure transducers
placed over the last 1.0 m of the shock tube and extrapolated to the endwall section. Shock
attenuations were typically 0.7%/m to 2.5%/m. The measured shock velocities were compared
to the initially estimated values of incident shock waves and differences of about +0.3% were
found. Afterward, reflected shock conditions were determined from the standard one-
dimensional shock relations and the blended thermodynamic database (Marinov 1999; Curran

et al. 1998; Metcalfe et al. 2007; Andrae et al. 2007 and Maurice 1996) for iso-octane, n-
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heptane, toluene and ethanol. Using the SHOCK package of CHEMKIN, uncertainties of
about + 0.3% in the incident wave speed yield variations in the calculated 75 of about + 7 K
and variations in the calculated ignition delay time of about + 7.5%, in agreement with the
experimental uncertainties (temperature and ignition delay time) cited in the literature for
shock tube experiments (Davidson et al. 2002; Vasudevan et al. 2005; Dean et al. 2007,
Davidson et al. 2000). In this work, the estimated uncertainties in the ignition delay time are

in the range of = 7.5% to + 10%.

3.2.3 Formation of boundary layer.

As discussed by Davidson and Hanson (2004), in shock tube experiments there are
several nonideal effects that influence the measurement of ignition delay time. When
modeling ignition delay in shock tubes, Perfectly Stirred Reactor conditions (Zeroth-order
approximation model) are used and then, the numerical results are compared to the
measurements.

The simulation also assumes that behind the shock wave the spatial and temporal
conditions are uniform, i.e., the incident and reflected shock waves travel through the test gas
and leave it unperturbed. In a real shock-heated gas ignition process there is the formation of a
boundary layer at the tube wall that grows with time the propagation of the shock wave and
contact surface, as described in section 2.4.2.2. The observed effect of the of formation and
growth of the boundary layer behind the incident shock wave is the generation of a gradual
increase in temperature and pressure in the core of the flow (7, and p,). When the shock wave
returns as a reflected shock, it sets the temperature and pressure (75 and ps) to values higher
than those calculated initially using the Rankine-Hugoniot relations. Also, the displacement of
the reflected shock wave also creates a boundary layer behind it, affecting the temperature and
pressure (75 and ps).

Petersen and Hanson (2000) proposed a methodology to evaluate this source of
systematic error in high pressure shock tubes. They proposed a relation between the relative

change of 75 with reflected shock test time (47 /dr), the expression

T 105, [46]
dt

is proposed for the relative change on temperature 75 for larger diameter shock tubes (~15

cm). For shock tube diameter less than 10 cm the value of the relative change

(T" =AT, /T, .. ) increase to values of 20 — 30 s”'. Assuming the boundary layer effect as
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major systematic error on temperature, and for shock tube diameter of 9 cm, we can use

equation [46] in order to estimate the uncertainties on temperature 75, as follows:
dr’

—=20s",
dr

]:dT* ~20 slxjdr ,

T(; %o
* -1
T" =20 57 x(7)
AT, T  —T.. .
5 __ 5 final 5 initial ., -1
T. - =20 s X(Tign) >
5 initial S initial

7-'5 final = |:20 S71 x (T[gn ) + 1:| TVS initial *
For example, ignition of ethanol at T inia = 937 K, with ignition delay time of T =

1006 ps, the estimated increase on temperature A7} is about + 19 K.

3.3 Preparation and measurement procedure

The steps taken to perform a single test can be summarized as follows. The driven
section is pumped down to pressures below 10 mbar. Gas mixtures are prepared by
injection of a liquid mixture and subsequent complete evaporation. The measured pressure
into the driven section, when the fuel is injected, must be inferior to the vapor pressure of the
fuel mixture.

The total amount of fuel and air is controlled manometrically in order to ensure the
desired equivalence ratio. The shock speed is measured over two time intervals using three
piezo-electric pressure gauges. The data is recorded with a time resolution of 0.1 ps. The
temperature and pressure downstream to the reflected shock wave are calculated from the
measured incident shock speed and the attenuation using an one-dimensional shock-tube
model (CHEMKIN)).

The estimated uncertainty, equation [46], in reflected shock temperature is less than
+25 K in the temperature and time range of the measurements. The experiments are carried
out in synthetic air containing 79.5% N, and 20.5% O, by volume.

The model calculations used here are based on an isobaric assumption. The first stage
of pre-ignition, however, causes indeed a slight pressure increase, which can expand in the
form of a non-stationary wave, thus influencing the ignition behavior. In the crucial case, i.e.,
long time observation related to low-to-intermediate temperature value, the maximum

temperature increase due to this effect was estimated to be 70 K. Moreover, it should be
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mentioned that small changes in temperature are most relevant to measurements at low
temperature and therefore do not dramatically affect the ignition delay times Ty, in the NTC
range. It can be argued that this effect is to some extent fuel-specific and also dependent on
how well the driver gas tailoring was chosen.

The driver gas is mixed in-situ by using two high-pressure mass-flow controllers
(Bronkhorst Hi-Tec flow meter). Helium is used as the main component and 5 — 20% Argon
is added to match the acoustic impedance of the test gas. The acoustic impedance is defined as
the ratio of acoustic pressure to acoustics volume flow and it is strongly dependent of the
density of the flow.

The composition was calculated for each experimental condition using equations by
Oertel (1966) and Palmer and Knox (1961). After rupture of the diaphragm, the ignition is
observed downstream the reflected shock waves by measuring the pressure history with a
piezo-electric gauge (PCB HM 112 A03) at a side-wall position 15 mm upstream to the
endplate. Also, CH* chemiluminescence is measured at the same position.

The spontaneous light emission from the test region is filtered by a band pass filter
(431.5 nm, 5 nm HWHM) and detected with a photomultiplier with a time resolution of 1 ps.
Then, ignition delay times are determined by extrapolating either the steepest increase of the
CH* emission signal to its zero level on the time axis or the pressure increase due to the
ignition, as shown in Figure 20. Both procedures yield very similar results (< 5 % deviation).
In this work, the data obtained from the chemiluminescence measurement is used.

Figure 21 (A) shows the diaphragm in its initial state. This diaphragm has a thickness
of 3.1 mm and depth of the cross groove of 0.8 mm. The groove is used to facilitate an
uniform burst of the diaphragm. Figure 21 (B), (C), and (D) show the diaphragm after a
typical valid experiment at high pressure and high temperature.

Table 8 shows the main characteristics of the aluminium diaphragms used in this work

in order to obtain the desired pressures ps in the experiments.

Table 8. Characteristics of the diaphragms used in this work.

Thickness [mm] Groove depth [mm] Expected ps [bar]
1.5 0.50 10
3.1 0.80 30

4.1 0.89 50
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Figure 20. Definition of ignition delay time from measurements of pressure and CH* signals
in the experiments.

Figure 21. Diaphragms (a) before rupture and (b,c,d) after rupture in a typical valid high
pressure shock tube experiment.
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3.4 Results

Around 100 tests involving pure ethanol and ethanol containing hydrocarbon fuels
(gasoline surrogates) were performed. The experiments were done over the pressure range of
10 — 50 bar, intermediate temperatures covering the range 690 — 1200 K at lean (¢ = 0.3) and
stoichiometric (¢ = 1.0) compositions. The experimental conditions are comparable to the
operating conditions found in combustion chambers of spark-ignition internal combustion
engines. Table 9 summarizes the experiments performed at IVG and the composition of the

gasoline surrogates analyzed.

Table 9. Experimental conditions of ignition delay time measurements performed in the high
pressure shock tube at IVG — UDE.

) Composition [ % by volume] . Pressure Temperature Equivalence Octane
Mixture - Oxidizer .
Ethanol iso-Octane n-Heptane Toluene [bar] K] ratio number
Ethanol pure 100 HAk wAE *EE air 10, 30,50 690 - 1200 0.3, 1.0 110
Gasoline 25 75 woxx woxx air 30 800 - 1200 1.0 105
surrogate A
Gasoline 40 37.8 102 12 air  10,30,50 690 - 1200 1.0 98.8

surrogate B

Synthetic air containing 79.5% N2 and 20.5% O2 by volume was used

Typical pressure and CH* emission profiles are shown in Figure 22 for an experiment
at 7= 764 K, p = 31.5 bar and ¢ = 1.0 of surrogate B, comprised of ethanol/iso-octane/n-
heptane/toluene at a composition of 40% / 37.8% / 10.2% / 12% by liquid volume.

1.0 4
0.8
. @)
= Z
= 0.6 Pressure signal =
; 2}
=3 72}
2 0.4- Z.
= =)
[T ~
Ignition delay time < e
024 = Y 2
‘l
0.0 —— CH* signal
T T T T T T T T T T T
0 1 2 3 4 5

Time / ms

Figure 22. Example of surrogate A/air ignition data showing the determination of the ignition
delay time
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The two-step increase in pressure is due to the passage of the incident and the reflected
shock wave (time zero) followed by a constant pressure for about 4750 ps. The CH* emission
(upper part of Figure 22) remains at zero level for 4750 ps, followed by a steep rise that
indicates ignition. Ignition delay times shown here are based on an extrapolation of the
increase in CH* chemiluminescence emission to the zero level.

In this work, one test was performed for each experimental condition of pressure and
temperature (75, ps), except for dispersed experimental results, for which two or three
additional tests were performed. Experimental results for gasoline surrogates GS-C, GS-D and

GS-E were obtained from the experimental work of Fikri et al., (2008).

3.4.1 Measurements of IDT for ethanol-air system, ¢ =1.0, ¢ =0.3

The ignition delay times evaluated from the CH* emission are listed in Table 10 along
with the respective pressures p and temperatures 7, for stoichiometric and lean ethanol-air
mixture. At temperatures lower than those shown in Table 10 no ignition was observed within
the test time of the experiment (15 ms).

Figure 23 shows the experimental results for ignition delay time as a function of
temperature (as an Arrhenius plot) for different pressures. The data can be conveniently

curve-fitted to an equation of the form

T= Aexp(%)p"‘ [47]

where x is the pressure exponent (pressure dependence factor). Multiple linear regression
analysis using In(t) as the dependent variable and (1/7) and In(p) as independent variables
identified the value of x as 0.83, using the data for ¢ = 1.0 listed in Table 10.

The correlation coefficient, R, of the regression was 0.94. An expression of T = 139 (p/30 bar)

083 was identified for the scaled pressure. For the temperature behavior, an expression of

i o (+51.88 kJ/mol ,/ o
7/us =10 exp( ‘RT)( bar)

was determined from a fit for the measured range of temperature and for a stoichiometric
mixture. The fitting is shown in Figure 23.
The measured ignition delay times decreased for higher temperatures and presented a

lower sensitivity to pressure for the higher pressures.
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Table 10. Measured ignition delay times of the ethanol — air system.

¢ ]—'5 pS Ting ¢ 7; pS Z-ing
[K] [bar] [ps] [K] [bar] [ps]
1.0 1223 10.5 70 1.0 1234 53 16
1.0 1190 10.0 140 1.0 1168 52 30
1.0 1145 11.0 252 1.0 1085 48 134
1.0 1096 9.0 409 1.0 1065 52 156
1.0 1049 10.1 738 1.0 999 50 511
1.0 992 9.8 1171 1.0 937 48 1006
1.0 954 10.3 1698 1.0 881 48 2095
1.0 900 10.1 N-I 1.0 841 49 3304
1.0 781 47 N-I
1.0 1197 30 25 1.0 769 45 N-I
1.0 1152 30 38
1.0 1138 32 75 0.3 1183 30.2 58
1.0 1116 31 80 0.3 1151 30.8 111
1.0 1045 30 267 0.3 1107 33.7 172
1.0 999 30 547 0.3 1100 37.0 228
1.0 949 30 1244 0.3 1081 35.7 295
1.0 912 31 877 0.3 1042 26.7 621
1.0 881 31 2788 0.3 1024 35.7 686
1.0 848 30 2715 0.3 996 335 1029
1.0 801 30 3755 0.3 912 30.9 4759
1.0 789 29 N-I 0.3 868 31.6 13027

N-I: No Ignition within the test time

At the temperature about 910 K and 30 bar the experimental results suggest the
possible existence of a negative temperature coefficient (NTC) region. However, due to the
scatter exhibited by the measurements additional experiments in this temperature range are

necessary in order to elucidate the presence of NTC.

10000
1 = 10barExp
e 30 bar Exp
50 bar Exp

¢ =10

1000 o

100 o
i3 o

’ 7/us =10"" exp(+51.88 [kJ/mol]/RT)(p/bar) **
10 o — T T T T T T T T T T T T T T T T 1 !
080 085 09 095 100 105 110 115 120 125

1000K/T

Ignition delay time t / ps

Figure 23. Experimental and curve fitted ignition delay times for ethanol-air system, ¢ = 1.0.
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Figure 24 shows the comparison between the experimental results for lean (¢ = 0.3)
and stoichiometric (¢ = 1.0) mixtures at pressure of 30 bar. The typical negative dependence
of the IDT with the concentration of fuel in the mixture, from lean to stoichiometric

composition, is evidenced.

10000 5 Ethanol - Air (O, +3.76 N, ) L3
L]
£ T s
(0]
0
g 1000 , ] .
3 L]
E\ ®
3 s 3
g ®
£ 1004 L]
=} E ¢
= L] p=30Dbar
T
# = Exp. ¢=0.3
0 * Exp.¢=10 |
T T T T T T T T T T T T T
080 085 090 095 100 105 110 115 120
1000K/T

Figure 24. Measured ignition delay times for ethanol-air mixtures for lean mixtures, ¢ = 0.3
and ¢ = 1.0, at pressure of 30 bar.

3.4.2 Measurements of IDT for Gasoline Surrogate A, ¢ =1.0

The ignition delay times evaluated from the CH* emission are listed in Table 11 along
with the respective temperatures 7 and pressures p, for stoichiometric ethanol/iso-octane
(25% / 75%) - air mixture (Surrogate A in Table 9). At temperatures lower than those shown
in Table 11 no ignition was observed within the test time of the experiments (15 ms).

Figure 25 shows the measured ignition delay time for the mixture ethanol/iso-octane
(25% / 75%) - air mixtures. A regression analysis taking In(tr) as dependent variable and
1000/Ts as independent variable, by using equation [47], was performed. The resulting fitted
expression

b

PPNERT) +55.53 kJ/mol
7/us=10 exp( SRT)

conveys an apparent activation temperature of 13,273 K (E, ~55.53 kJ/mol). The correlation

coefficient, R’, of the regression was 0.94. The pressure dependency was not measured.
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Table 11. Measured ignition delay times for ethanol/iso-octane — air mixtures (25% / 75%) at
pressure of 30 bar and stoichiometric composition.

¢ T Ps Ting
[K] [bar]  [us]

1.0 1217 30.9 35
1.0 1215 30.8 34
1.0 1169 29.2 58
1.0 1164 30.7 74
1.0 1132 31.9 78
1.0 1059 30.6 404
1.0 1004 30.3 791
1.0 967 31.2 683
1.0 909 30.7 2039
1.0 862 31.1 2097
1.0 809 30.7 N-I

N-I No Ignition

Comparing Figure 25 to Figure 24, it is observed that the presence of iso-octane did not
improve the ignition of ethanol at high temperature but provided a small decrease of ignition
time at lower temperatures. This small difference is evidenced by the values of the apparent

activation energies.

10000 —

1000

100

Ignition delay time t / us

5 ® 1 - cthanol / isooctane -- 25% / 75%
(measurements p, = 30 bar)

7/us =107" exp(+55.53 [kJ/mol]/RT)
080 085 09 095 100 105 110 115 120

1000K /T

Figure 25. Ignition delay time for mixture ethanol/isooctane (25% / 75% by liquid volume) /
air, at pressures of 30 bar and stoichiometric composition.
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3.4.3 Measurements of IDT for Gasoline Surrogate B, ¢ =1.0

Ignition delay times were measured for surrogate B, comprised of ethanol/iso-
octane/n-heptane/toluene at a composition of 40% / 37.8% / 10.2% / 12% by liquid volume,
which is characterized by a calculated octane number of 98.8 by using a program from Shell
(Kalghatgi, 2007). The experiments were carried out with stoichiometric mixtures ¢ = 1.0,
temperature range of 690 < 7'< 1200 K, and pressure of 30 + 2 bar. The results of the ignition
delay time experiments for surrogate B are presented in Table 12 and depicted in Figure 26.
For this data set, a flat temperature dependence behavior is observed at around 900 K. Note
that, for pressure of 10 bar and temperature below 900 K, no-ignition was observed during the
available measurement time. However, contrary to the other mixtures, at ps = 30 bar ignition
was observed below 800 K Multiple linear regression analyses using In(t) as the dependent
variable and (1/7) and In(p) as independent variable identified the value of x as 0.72, using the
data for ¢ = 1.0 listed in Table 12. The correlation coefficient, R’, of the regression was 0.89.
An expression of T = 130 (p/30 bar)®’? was identified for the scaled pressure. For the

temperature behavior, an expression of

_ o130 (+99.1 kJ/mol ,7 o
7/us =10 exp( ERT)( bar) ,

was determined from a fit for the measured range of temperature and for a stoichiometric
mixture. The fitting is shown in Figure 27. There is considerable scatter from the curve fit at

lower and higher temperatures.

Table 12. Measured ignition delay times for gasoline surrogate B at pressures of 10, 30 and 50
bar and stoichiometric composition.

¢ T; pS Ting ¢ T; Ps Ting
[K] [bar] [us] [K] [bar] [ps]
1.0 1201 10.1 158 1.0 1016 31 555
1.0 1162 10.3 544 1.0 983 28 774
1.0 1093 9.9 939 1.0 951 30 806
1.0 1058 10.3 1438 1.0 858 31 2795
1.0 1010 10.3 2436 1.0 809 26 6944
1.0 935 9.8 3495 1.0 793 29 6962
1.0 906 10.3 N-I 1.0 764 31 4975
1.0 853 10.2 N-I 1.0 701 30 8731
1.0 806 10.3 N-I
1.0 758 10.4 N-I 1.0 1191 50 28
1.0 683 9.8 N-I 1.0 1102 51 110
1.0 985 49 534
1.0 1194 30 50 1.0 930 48 1705
1.0 1168 31 94 1.0 891 49 2296
1.0 1128 32 149 1.0 828 47 3792

1.0 1057 30 314 1.0 788 48 5037
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Figure 26. Measured ignition delay times for gasoline surrogate B, at pressures of 10, 30 and
50 bar and stoichiometric composition.
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Figure 27. Scaled pressure fitting to pressure p = 30 bar for gasoline surrogate B at

stoichiometric composition.

3.4.4 Comparison between ethanol pure, GS-A and GS-B, ¢ =1.0

Figure 28 shows the measured ignition delay times for ethanol pure, Gasoline

surrogate — GS-A and Gasoline surrogate — GS-B at pressure of 30 bar and stoichiometric

composition.
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Figure 28. Experimental results of ignition delay time for ethanol pure, Gasoline surrogate —
GS-A and Gasoline surrogate GS-B at pressure of 30 bar and stoichiometric condition.

It can be observed that for higher and lowers temperatures (T > 1050 K and T < 850
K), Gasoline surrogate B present more resistance to the autoignition process. For intermediate

temperatures (1050 K > T > 850 K), ethanol pure, GS-A and GS-B gives similar results of

ignition delay times.
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Chapter 4: Modeling and Analysis

The adaptation process of the kinetics models was based on blending the different sub-
mechanisms for ethanol and other sub-structures from Marinov (1999), Li (2004) and Lin et
al., (2002, 2003, 2004), Cancino et al., (2009b), that were not taken into account by Konnov
(2000), Metcalfe et al., (2007), Andrae et al., (2007) and Maurice (1996). Then, the
predictions of ignition delay time using the mechanisms formed are compared to the
measurements and results from the individual mechanisms, in order to extend the validation
of the kinetics model.

The blending of two different mechanisms requires a sequence of steps that can be
outlined as:

1.  Analyze and potentially adjust the kinetics information of the mechanisms for their
use in CHEMKIN.

2. Check the species names in both mechanisms the mechanisms and remove duplicate
reactions from the second (minor) mechanism.

3. Add the missing reactions into the major mechanism.

4. Check the thermodynamic data base of the major mechanism and upgrade it with
data for the missing species.

5. Test the blended kinetics model with the CHEMKIN interpreter and validate it
against measured ignition delay times to ensure/guarantee that the added reactions
for an additional fuel component do not change the behavior of the base mechanism
in case this component is not present.

6. Determine the rate-controlling route for autoignition via an overall sensitivity
analysis and check whether the most sensitive reactions have reliable, i.e., directly

measured, kinetics data.

The blending procedure is time consuming. When two chemical species have the same
empirical formula, it is necessary to check their thermodynamic databases by comparing the
enthalpy A, heat capacity c,, and entropy s at several temperatures. If their thermodynamic
properties return the same (or similar) values, then, both chemical species are considered to be
identical despite different names or abbreviations used in the original kinetics models.
Productivity increases with the use of computational tools. The programs of Rolland and

Simmie (2004) were used to compare the kinetics mechanisms and thermodynamic databases.
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4.1 Ethanol-air system

4.1.1 Chemical reaction pathways for thermal oxidation of ethanol

Several authors have qualitatively described the decomposition of ethanol. Recently,
Lin et al., (2002, 2003 and 2004) reported 11 different routes for ethanol decomposition
involving reactive radical species.

Figure 29 summarizes these major routes. Box I shows the decomposition routes
involving methyl radical giving methane as a product in three routes and hydrogen atom in a
fourth route. The fifth route gives C,Hg (ethane), CH;CH,OCH; (methoxy), CH3CH; (ethyl
radical), CH3;0OH (Methyl alcohol), CH,CH,OH (Ethoxy radical), CH;CH,O (Methyl radical,
methoxy-), CH;CHOH (Ethyl radical, 1-hydroxy) and CH4 (Methane)

Box II depicts H abstraction involving H atoms and producing molecular hydrogen via
three routes and additional other unstable species. Box III depicts the H abstraction by a
cleavage process involving a third body (bimolecular); all routes giving acetaldehyde,
molecular and atomic hydrogen. Box IV shows the decomposition by cleavage involving a
third body (bimolecular) of the C—C and C-O bonds and the products are formaldehyde,
methane and other unstable species. One can clearly see that the pyrolysis of ethanol proceeds
by a chain-branching mechanism.

Kinetics models of ignition of ethanol/O, (Borisov et al., 1992) and ethanol/air
(Cancino and Oliveira, 2005a; Gardiner, 2000) show that during the induction period ethanol
is consumed almost completely. The depletion of the fuel is induced by oxidative pyrolysis.
Therefore, the ethanol oxidation model capable of describing accumulation of the products
during the induction period and the promoter effect on the ignition process must be based on
an ethanol pyrolysis mechanism (Borisov et al., 1992), such as the one described above and
depicted in Figure 29.

Since the pathways depicted in Figure 29 proceed at different rates, depending on the
range of temperature and pressure considered, a careful analysis and comparison to critical
experiments may be able to reveal the most important routes for different pressure and
temperature regimes. The mechanistic analysis for temperature can be usually separated in a

low temperature regime (below 1000 K) and a high temperature regime (above 1000 K).
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Figure 29. Ethanol decomposition pathways.

4.1.1.1 Low-temperature (T < 1000 K) oxidation of ethanol

Information on low-temperature oxidation of ethanol is scarce. Battin-Leclerc (2008)
recently reported an extensive review of kinetics models for low-temperature oxidation of
hydrocarbons involving alkanes, alkenes, cycloalkanes and aromatic compounds, but did not
include ethanol and other oxygenated hydrocarbons.

Barnard and Hughes (1960) reported experimental results of the ethanol pyrolysis in a
reaction vessel for a temperature range from 850 to 900 K and pressures in the range of
6.6x107% to 4.66x10" bar. They measured the concentration history of H,, CO, CHa,
CH;HCO and C, throughout the reaction and revealed that the major pyrolysis products are
molecular hydrogen and acetaldehyde (CH3;HCO). They also found that the rate of reaction
measured as —d[C,HsOH]/dt was of first order with respect to the initial ethanol concentration
in the pressure range from 4.66x1072 to 1.0x10" bar. The fitted global Arrhenius equation for
the experimental results was k,(7)=10"""**Yexp[-46200(+1700)/RT] s '. Above 0.1 bar the
reaction order of the depletion of ethanol was found to be of a higher order.

Borisov et al. (1991) reported experimental results of ethanol pyrolysis in a
temperature range of 700 to 1700 K and at pressure of 1 bar in a static vessel. They found that
their results agreed fairly well with the 7-dependence of the effective rate constant proposed

by Barnard and Hughes (1960). The comparison between Borisov’'s and Barnard’s results
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indicates that the effective rate constant of ethanol is not strongly dependent on the pressure at
temperatures below 900 K.

Both Barnard and Hughes (1960) and Borisov et al., (1991) proposed general
guidelines for the ethanol pyrolysis at low temperatures, depicted in Figure 30, which are a
sub-set of the more complete scheme depicted in Figure 29. They proposed that the pyrolysis
starts with a first stage of H-abstraction in the three possible locations: Hx, in the hydroxyl
group; Hs, attached to the secondary carbon and Hp, attached to the primary carbon. H atoms
are released and three C,H,O radicals are formed: CH;CH,0O, CH,CH,OH and CH3;CHOH. In
a second stage, these H atoms react with ethanol provoking further H-elimination as H, and
forming more C,H,O radicals (CH3CH,O, CH,CH,OH and CH3;CHOH). The H atoms
released in the first two stages accelerate the ethanol depletion. In a third stage, the C,H,0O
radicals decompose releasing more hydrogen atoms and acetaldehyde. Therefore, the low-
temperature ethanol oxidation proceeds basically by H abstraction. The cleavages of the C—C
and C-O bonds in the parent molecule are, due to energetic restrictions, unimportant (Borisov

etal., 1991).
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Figure 30. Low-temperature ethanol oxidation routes.
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4.1.1.2 High-temperature (T > 1000 K) oxidation of ethanol

Several studies about the high-temperature oxidation of ethanol have been published.
Borisov et al. (1989) reported the first data of ignition delay time measurements in a shock
tube for mixtures of ethanol and oxygen in a temperature range of 700 to 1550 K and
pressures between 0.5 and 6.0 bar. In their study, they also present data for acetaldehyde.
Borisov et al., (1991) reported data of ethanol pyrolysis at atmospheric pressure, in a
temperature range of 700 to 1700 K in a static reaction vessel. They developed the first
detailed kinetics model for ethanol, including pyrolysis and oxidation reactions involving
hydrogen, methane, formaldehyde, acetaldehyde, and ethanol. The model was tested for lean,
stoichiometric and rich ethanol/O, mixtures at atmospheric pressure and temperatures
between 900 and 1500 K.

Dunphy and Simmie (1991) reported a survey on shock tube measurements of ignition
delay times in ethanol/O, mixtures covering equivalence ratios of 0.2 < ¢ < 2.0, temperatures
between 1080 and 1660 K and pressure range of 1.8 to 4.6 bar. Dunphy et al., (1991)
developed a detailed kinetics model for the high-temperature ethanol oxidation with
molecular oxygen and this model was validated against measurements of Dunphy and Simmie
(1991).

Egolfopoulos et al., (1992) reported a detailed kinetics model for the high-temperature
oxidation of ethanol/O,/Ar mixtures that was tested against shock-tube data for 1300 K < 7' <
1600 K and 0.8 bar < p < 1.0 bar.

Similarly, Curran et al., (1992) studied ethanol oxidation in a shock tube by measuring
the ignition delay time of ethanol/O, mixtures at pressure of 2.3 bar at 1100 K <7< 1900 K
and 0.25 < ¢ < 1.5. A detailed kinetics model was validated against the obtained experimental
results.

Cancino and Oliveira (2005a, 2006) numerically analyzed the performance of the
thermal ignition of ethanol/air mixtures using the detailed kinetics models of Marinov (1999)
and Konnov (2000) at 1.0 bar < p < 5.0 bar and temperatures of 1200 and 1400 K. Some key
reactions of the ethanol oxidation were analyzed and a detailed kinetics model including NOx
kinetics was proposed.

Saxena and Williams (2007) performed a detailed kinetics model for ethanol oxidation
and validated it against experimental data of Dunphy and Simmie (1991) for 1300 K < 7 <
1700 K and 1.0 bar < p < 4.6 bar.
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Cancino et al. (2007) reported the first high-pressure (30 bar) measurements of
ignition delay times in a shock tube for ethanol/air mixtures at 690 K < 7 < 1200 K and
proposed a new tailored detailed kinetics model using the mechanisms of Marinov (1999) and
Konnov (2000).

All measurements reported in the literature, in the pressure range of 0.5 bar < p < 5.0,
show that an increase in total pressure is accompanied by a decrease in ignition delay time.

From the available kinetics models, the behavior of ethanol oxidation at high
temperature can be summarized as follows: In the high-temperature range, the thermal
decomposition of ethanol starts with the C—C bond cleavage giving methyl (CHs) and
hydroxymethyl (CH,OH) radicals (Natarajan and Bhaskaram, 1981; Gardiner, 2000) as
products. As the fuel continues to decompose (see box IV in Figure 29) the hydroxymethyl
produced in the initiation phase can dissociate due to the low dissociation barrier producing H
atoms and formaldehyde (CH,0).

Methyl also contributes to the build-up of the radical pool composed by O, H and OH
that accelerates the depletion of the fuel by ethanol-radical reactions, as depicted in boxes |
and II in Figure 29. Stable intermediates like acetaldehyde (CH;HCO), formaldehyde (H,CO)
and formyl radical (CHO) are mainly responsible for the weakening of the branching
reactions and the acetaldehyde concentrations encountered in the ethanol oxidation are found
to be higher than of other intermediates (Natarajan and Bhaskaram, 1981).

Excluding a single result at 30 bar, the low temperature data available in the literature
has been measured up to 1 bar. High temperature data has been measured up to 5 bar. Thus,
the available mechanisms have been only validated for low pressure data and questions
remain whether the patterns discussed above are still correct for higher pressures and lower
temperatures.

Comparison of results of the mechanisms available in the literature (Cancino et al.
2007) with the data presented in Chapter 3 revealed poor prediction. Therefore, in the
following section a new mechanism is proposed and then compared to the available data in

the literature and to the data presented in Chapter 3.

4.1.2 Detailed kinetics model for ethanol oxidation

Several detailed kinetics mechanisms for different hydrocarbons are available in the
literature. Simmie (2003) presented a comprehensive review of detailed kinetics models for

hydrocarbons. The detailed kinetics model by Konnov (2000) was developed for combustion
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of small hydrocarbons containing up to 3 carbon atoms in the molecule, including C;, C, and
Cs hydrocarbon sub-kinetics. The mechanism has been validated against several experimental
results involving shock tube ignition delay times, flow reactor data, laminar flame species
profiles, and laminar flame speeds covering different reactive systems.

This mechanism has not yet been used in the literature for predicting the combustion
of ethanol. Nevertheless, Konnov (2005) mentioned that it might be suitable to predict the
combustion of ethanol when the additional thermodynamic properties of chemical species not
present in the mechanism, are given. The Marinov mechanism (1999), however, was
developed exclusively for high-temperature oxidation of ethanol/O, mixtures and contains
kinetics sub-models for methane and other products in the oxidation of ethanol.

In the present work, the Konnov (2000) and Marinov (1999) detailed kinetics models
were taken and tailored to build up the proposed model. Initially, the extensively tested
kinetics model for small hydrocarbons of Konnov was extended to the combustion of ethanol
by adding the reactions described by Marinov that were missing in Konnov’s mechanism.

Then, in order to further improve the predictive capability of the model, a
comprehensive review of the literature was performed and new kinetics data was found in Li
(2004) and Lin et al. (2002, 2003, 2004).

This procedure allowed for an update of the values of the reaction constants of several
elementary reactions involving ethanol. Some elementary reactions that appeared neither in
Konnov’s nor in Marinov’s mechanisms were also added. In summary, the model allows for

the following specific reactions for ethanol decomposition:

C,H,OH - C,H, +H,0 (R1)

H+C,H,OH — CH,CHOH + H, (R12)
— CH, +CH,OH (R2) > C,H,OH+H, (R13)
— CH,CHO+H, (R3) 5 C,HO+H, (R14)
—C,H,OH+H, (R4) 5 C,H,+H,0 (R15)

— CH, +CH,0 (R5)
— CH, + CHOH (R6)
>CH,CH+H,0  (R7)

CH,+C,H,0H — CH, +CH,CHOH  (R16)
—CH,+CH,CH,0  (R17)

— C,H, +OH (R3) —>CH, +CH,CH,0H  (RIS)
- C,H,0+H (R9) —CH,0H+CH,CH, (R19)
—CH,CHOH+H  (R10) —>H+CH,CH,0CH,  (R20)
—C,H,0H+H (R11)

Lin (2002) determined that, at pressures below 10 bar and temperature range of 700-
2500 K, the unimolecular decomposition of ethanol occurs primarily by the dehydration

reaction producing C,H4 + H,O, represented by reaction (R1) with an energy barrier of 278.65
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kJ/mol. At high-pressure limit, and over 1500 K, the production of CH; and CH,OH
represented by reaction (R2) becomes dominant.

The Hy-molecular elimination process, represented by reactions (R3) and (R4), is not
important throughout the temperature range investigated (700 — 2500 K), Reaction (RS)
involves the abstraction of the H atom from the OH group producing CH4 and CH,O, the
barrier of energy calculated by Lin (2002) was 417.14 kJ/mol. Reaction (R6) also producing
methane, has an energy barrier 58.57 kJ/mol lower that (R6). Reaction (R7) analogous to
channel of (R1) producing H,O and CH3;CH, has a dissociation barrier of 346.85 kJ/mol.
Reaction (R8) producing hydroxyl radical and C,Hs has an energy barrier of 396.64 kJ/mol,
12.55 kJ/mol higher than the prediction of Marinov (1999).

The reactions (R9)-(R11) were not included in the computational chemistry
calculation of Lin (2002).

Concerning the chain-propagation reactions by the H atom (reactions R12 to R15) the
reaction of dehydration (R15) has a high energy barrier and the probability that reaction (R15)
occurs, in the range of temperature investigated in this study, is very low. In this group of
reactions, reaction (R14) represents about 10% of the total reaction rate in the temperature
range analyzed by Lin (2003). Reactions (R12) and (R13) remain, however, the most
important because of their activation energies (energy barrier).

In the CHs-radical chain-propagation reactions, reactions (R19) and (R20) have higher
energy barriers and their feasibility can be ruled out kinetically in the temperature range
investigated in this study.

The other reactions forming methane by H abstraction, reactions (R16), (R17) and
(R18), remain important because of their values of energy barrier. At higher temperatures (7 >
~1200 K), reaction (R18) becomes dominant.

These oxidation routes lead ultimately to the production of methane, formaldehyde
and other oxygenated hydrocarbons, as depicted in Figure 29, whose kinetics are well treated
in the Konnov (2000) mechanism.

In the proposed detailed kinetics model the most important reactions for the ethanol
oxidation were selected and placed in the proposed detailed kinetics model, ruling out those
reactions whose energy barriers limitations were noted by the different authors. The final
proposed detailed kinetics model is composed by 136 chemical species and 1136 elementary
reactions. Table 13 shows the major characteristics of the detailed kinetics mechanism used in

this work.
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Table 13. Characteristics of the detailed kinetics models

Kinetics model  Elements Chem_lcal Elemeptary NOXx chemistry Presure range  Temperature Oxidizer
species reactions [bar] range [K]
Konnov 5 127 1200 Yes 09-75 O, / Air
Marinov 4 54 390 No 1.0-4.5 > 1000 o,
Proposedinthis 136 1136 Yes 0.9 - 50 700-1600 O,/ Air

work

4.1.3 Results and comparison to measurements

4.1.3.1 High pressures and intermediate temperatures

Figure 31 shows the experimental results of ignition delay time for ethanol-air mixture
at pressure of 30 bar and stoichiometric composition, the figure also shows the numerical
response of four detailed kinetics models, the Marinov model, the hybrid Marinov-Konnov

model, the Konnov model and the model proposed in this work.

1000004 Ethanol - Air (O, +3.76 N, )

p =30 bar
£
E 6 =10 /
10000 .7
Q ] e
£ 2l 2
- yy
o z
=
) -
3 1000 3
o ]
2
E e —— Marinov (1999)
=0 004 L = - = Marinov (1999) + Konnov (2000)
/’ z Konnov (2000)
7 s —-—--Model proposed in this work
Z 2 Experiments in shock tube, this work

— —— ;
0.80 0.85 090 095 100 105 110 L15 120 125 1.30
1000K /T

Figure 31. Experimental and numerical results for ethanol-air mixture at pressure of 30 bar
and stoichiometric composition.

From Figure 31 one can see that the Marinov model overestimates the ignition delay
time for high pressures and over the temperature range investigated in this work. The Konnov
model is in agree went with the experimental data but, for temperatures below 900 K the
model predicts no-ignition in the reactive mixture. The hybrid model Marinov-Konnov works

at temperatures below 900 K, but the prediction of the IDT falls dramatically for lowers
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temperatures. The detailed kinetics model proposed in this work captures two important
aspects of the experimental data, the apparent activation energy at higher temperatures and the
plateau regime at lower temperatures.

Figure 32 shows the comparison between the measured and the predicted ignition
delay times by using the proposed detailed kinetics model for ethanol oxidation. The kinetics
model is able to predict the general trends with temperature and pressure. The proposed
ethanol detailed kinetics model shows good agreement in terms of global activation energy,
pre-exponential factor and pressure dependence. The same curve fitting used to approximate
the measured ignition delay times was applied to the predicted results. The curve fitted

expression obtained is

-0.97
t/us=10"" exp(—i_1 11.50 kJ/mOlmTj(p bar) , Proposed model, this work.

This is very similar to the curve fit obtained for the measurements, repeated here as,

-0.83
r/ps=10"" exp (H 07.58 kJ/m% Tj (%ar) , Experimental fit, this work

However, at the pressure of 10 bar, and temperature about 900 K the detailed kinetics
model overpredicts the ignition delay time in about ~ 97%. This behavior must be further

explored by comparing the predictions to measurements at lower pressures.

10000 —
1 Ethanol - Air (O, +3.76 N, )

1000 4

$=1.0

* Exp 10 bar
100 «  Exp 30 bar
1+ Exp 50 bar
] ¥ —— Num 10 bar
: ——— Num 30 bar
Num 50 bar

Ignition delay time t / ps

0+ +7—
080 085 090 095 100 105 110 LI5S 120 125 130

1000K/T

Figure 32. Comparison between predicted and measured ignition delay times for ethanol-air
under stoichiometric composition using the proposed model.
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Figure 33 shows the comparison between experimental and numerical results for lean
(¢ = 0.3) and stoichiometric (¢ = 1.0) mixtures at pressure of 30 bar. At stoichiometric
conditions there is a tendency of flattening of the ignition delay time dependency with
temperature for temperatures below 900 K. The proposed detailed kinetics model is able to

predict this effect.

10000 - Ethanol - Air (O, +3.76 N, ) (]

E
©
E 1000
; ]
<
©
<
_5 p =30 bar
=100
R ] Exp. ¢=0.3
 Exp.¢=1.0
[2 — Num. ¢=0.3
—— Num. ¢=1.0
10 — 7T ‘' T ‘' T ' T ‘T T ‘T T T T T 1
080 085 090 095 100 105 110 115 120

1000K/T

Figure 33. Comparison between predicted and measured ignition delay times of ethanol-air
for lean (¢ = 0.3) and stoichiometric (¢ = 1.0) mixtures at pressure of 30 bar.

4.1.3.2 Low pressures and high temperatures

Figure 34 shows the comparison between measured (from Dunphy and Simmie, 1991)
and predicted ignition delay times of ethanol-O, mixtures for equivalence ratios of 0.5, 2.0
and 1.0 at pressures of 3.3, 3.4 and 3.5 bar respectively.

In Figure 34 it is possible to note that the proposed kinetics model reproduces the
overall trends of the measurements. However, the measurements show a faster decay at
temperatures about 1300 K, indicating that the predictions overestimate the apparent
activation energy for the ignition delay in the region around 1300 K. The curve fits obtained

by Dunphy and Simmie (1991) are

‘[0% — 10—]2.7 exp (%j [CZHSOH]—OAIS [02 ]—0.785 [Ar]+0.648 ,
TCO_% - 10714-0 eXp (%j [CZHSOH]’OSIS [02 ]70780 [Ar]JrOAZS() ,

T% — 10714.0 exp[+169;0 Kj[CZHSOH]O.BO [02 ]70.784 [Ar]+0.140 ,
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with concentrations of ethanol, oxygen and argon in mol c¢m.Note that the values of the
global Activation Energy (Activation Temperature X R) calculated by Dunphy and Simmie
(1991) are 122.88 kJ/mol, 129.28 kJ/mol and 141 kJ/mol, for ignition delays obtained from
OH, CO-O and pressure methods respectively, for pressures between 1.0 — 4.6 bar, and
temperature range of 1300 K — 1700 K. In this work, the global activation energy fitted from
experimental data of IDT is about ~108 kJ/mol.

{ Ethanol - O,

1000
2]
=1 ]
~
)
£
>
<
[3}
o
= 1004
8 3 ® 3.3 bar, Exp., 4 =0.5 Dunphy and Simmie, (1991)
gn ® 3.4 bar, Exp., ¢ =2.0 Dunphy and Simmie, (1991)
=

3.5 bar, Exp., ¢ = 1.0 Dunphy and Simmie, (1991)
—— 3.3 bar, Num., ¢ =0.5 This work.
—— 3.4 bar, Num., ¢ =2.0 This work.

3.5 bar, Num., ¢ = 1.0 This work.

10 T T T T T T
6.5 7.0 7.5 8.0 8.5 9.0

10000K /T

Figure 34. Comparison between measured (from Dunphy and Simmie, 1991) and predicted
ignition delay times of ethanol-O, mixtures for equivalence ratios of 0.5, 2.0 and 1.0 at
pressures of 3.3, 3.4 and 3.5 bar respectively.

Figure 35 shows the comparison between measured (from Dunphy and Simmie, 1991)
and predicted ignition delay times of ethanol-O, mixtures for equivalence ratio of 0.25 at
pressures of 2.0, 3.4 and 4.6 bar.

It can be observed that the proposed detailed kinetics model reproduces the ignition
delay time dependence with the pressure for lean ethanol-O, mixtures. However, again, the
predicted apparent activation energy is higher than the measurements suggest. A multiple
regression was performed in the temperature range of 1700 K — 1300 K and pressures of 2.0,

3.4 and 4.6 bar, for a stoichiometric ratio of 0.25, resulting in the fitted expressions:

-0.79
r/pus =107" exp(+12'36 kJ/mOlmTj(pbar) , Exp. fit, Dunphy and Simmie (1991).

~0.74
r/us=10"" exp(+16'69 kJ/moliR T)(p bar) , Proposed model, this work.
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The proposed model is able to describe the pressure dependence but overestimates the

global activation energy in about ~4.2 kJ/mol, for lean ethanol-air mixtures.

1 Ethanol - O,
[ ]

wn)
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Figure 35. Comparison between measured (from Dunphy and Simmie, 1991) and predicted
ignition delay times of ethanol-O, mixtures for ¢ = 0.25 at pressures of 2.0, 3.4 and 4.6 bar.

4.1.4 Sensitivity Analysis

A first-order sensitivity analysis of the effect of each reaction on temperature, OH,
H,0,, and C,HsOH concentrations was performed to find out which reactions dominate the
ethanol oxidation at high pressures and also which reaction coefficients need to be
systematically improved. For the analysis, we assumed that the combustion process occurred
in a perfectly stirred reactor PSR at conditions behind the reflected shock wave starting at
time ¢ = 0 and ending at ¢ = Tiyg.

The conditions for simulations in the PSR were: stoichiometric composition (¢ = 1.0),
pressures of 10, 30 and 50 bar and temperatures of 1100, 950, and 800 K. The overall
sensitivity methodology discussed earlier was generated from the output files from
CHEMKIN. For each condition analyzed (pair p,T), the reaction with the largest positive
effect on the variables analyzed is denoted as Reaction (+) (largest positive value of
sensitivity coefficient), whereas that with the largest negative effect is denoted as Reaction ()
(largest negative value of sensitivity coefficient), i.e., only one level of importance is

presented. The results are summarized in Table 14.
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Table 14. Sensitivity map for stoichiometric ethanol/air system

1100 K

50 bar
950 K

800 K

Temperature

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

OH

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
C2H50H+0OH = SC2H50+H20

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

C2H50H

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
C2H50H+HO2 = SC2H50+H202

1100 K

30 bar
950 K

800 K

Temperature

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

OH

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
C2H50H+0OH = SC2H50+H20

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H5OH+HO2 = SC2H50+H202

Reaction (-) Reaction (-) Reaction (-)
SC2H50+02 = CH3CHO+HO2 SC2H50+02 = CH3CHO+HO2 SC2H50+02 = CH3CHO+HO2
C2H50H

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
C2HSOH+HO2 = SC2H50+H202

Reaction (-)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
C2H5OH+HO2 = SC2H50+H202

1100 K

10 bar
950 K

800 K

Temperature

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
H+HO2 = H20+O

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

OH

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H50H+HO2 = SC2H50+H202

Reaction (+)
C2H5OH+HO2 = SC2H50+H202

Reaction (-) Reaction (-) Reaction (-)
C2H50H+0OH = SC2H50+H20 C2H50H+OH = SC2H50+H20 SC2H50+02 = CH3CHO+HO2
H202

Reaction (+)
C2HS5OH+HO2 = SC2H50+H202

Reaction (+)
C2HSOH+HO2 = SC2H50+H202

Reaction (+)
C2HSOH+HO2 = SC2H50+H202

Reaction (-)
H+HO2 = H20+O

Reaction (-)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
SC2H50+02 = CH3CHO+HO2

C2H50H

Reaction (+)
H+HO2 = H20+0

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (+)
SC2H50+02 = CH3CHO+HO2

Reaction (-)
C2H50H+HO2 = SC2H50+H202

Reaction (-)
C2HSOH+HO2 = SC2H50+H202

Reaction (-)
C2HSOH+HO2 = SC2H50+H202




99

Development and Application of Detailed Chemical Kinetic Mechanisms for Ethanol Containing Hydrocarbon Fuels.
Thesis — Leonel Rincon Cancino.
The sensitivity map shows that reactions

C,H,OH + HO, =SC,HO+H,0, (R2])

SC,H,0+0, =CH,CHO+ HO, (R22)

C,H,OH +OH =SC,H,O+H,0  (R23)

HO,+HO, =H,0, +0, (R24)

are the most sensitive at high pressures (10, 30, and 50 bar) and for intermediate and high
temperatures (800, 950, and 1100 K). It seems that at high pressures the main ethanol
oxidation path is dominated by the H-atom abstraction by the hydroperoxy radical (HO,),
producing CH3;CHOH (named SC,H;sO in this work), one of the three isomers of C,HsO.

This route corresponds to reaction (R21) above and is represented schematically in the
top part of Figure 36. It leads to the hydrogen peroxide sub-mechanism. In the bottom part of
Figure 36, the Hs-abstraction path by collision with a third-body “M” is represented. This
path results, also, in the production of CH3;CHOH which is then oxidized forming
acetaldehyde, leading to the acetaldehyde sub-mechanism, and HO,. This corresponds to
reaction (R22) above.

The hydroperoxy radical (HO,) feeds reaction (R21) giving more CH;CHOH, forming
a cycle for the production of CH3CHOH and HO, and depletion of ethanol. (R23) becomes
relevant when the pool of HO, is formed. The reaction proceeds and more SC,HsO is

produced. With the increase of the HO, concentration, reaction (R24) becomes important.

Hydrogen peroxide &< H0, CH;CHOH

chemistry set

Hs - Abstraction T

C,HsOH '
+M
Hs - Abstraction
+M

H CH;CHOH

0¢

Acetaldehyde —— HO
chemistry set CH;HCO 2

Figure 36. Main ethanol oxidation routes at high pressure.
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4.2 Multi-component gasoline surrogates

In this section, detailed kinetics models for several gasoline surrogates are presented.
These models are validated against measurements for Gasoline Surrogates A and B and other
experimental data of ignition delay time available in the literature. Table 15 summarizes the
experimental conditions of the measurements of ignition delay time for gasoline surrogates
used in this work for validation purposes.

Table 15. Experimental data for gasoline surrogates.

Composition [ % by volume]

Mixture Oxidizer Przssu re Temps’atu re ¢ ON ** Ref.
Ethanol iso-Octane n-Heptane Toluene DIB* [bar] (K]

Gasoline 25 75 wx wx o air 30 800-1200 1.0 105  This work
surrogate A

Gasoline 40 37.8 10.2 12 worx air  10,30,50 690-1200 1.0  98.8  Thiswork
surrogate B

Gasoline o s . Fikri et al.
surrogate C 20 62 18 air 10, 30,50 690 - 1200 1.0 92 (2008)

Gasoline fo . Gauthier et

1 14 Aok 2 - 12 1.

surrogate D 69 7 air 5,55 690 00 0 87 al. (2004)

Gasoline o . Fikri et al.
surrogate E 25 20 45 10 air 30, 50 690 - 1200 1.0 90 (2008)

DIB * = di-isobutylene as 2-4-4 trimethyl-1-pentene
ON ** = Estimated octane number

Five detailed kinetics mechanisms were adapted to simulate the ignition delay time of
the different gasoline surrogates given in Table 15. Table 16 summarizes the origin of the

sub-mechanisms.

Table 16. Characteristics of the detailed kinetics mechanisms adapted to the surrogate fuels
investigated in this work. All mechanisms use the PRF model of Curran et al. (1998) as the
base mechanism.

Mechanism Chemical species  Elementary reactions  Blended mechanism Reference
ethanol Cancino et al. (2009)
Surrogate A GS-A 1056 4743
PRF Curran et al. (1998)
ethanol Marinov (1999)
Surrogate B GS-B 1085 4748 toluene Andrae et al (2007)
PRF Curran et al. (1998)
ethanol Marinov (1999)
Surrogate C ~ GS-C 1042 4390
PRF Curran et al. (1998)
toluene Maurice (1996)
Surrogate D GS-D 1053 4277
PRF Curran et al. (1998)
toluene Andrae et al (2007)
ethanol Marinov (1999)
Surrogate E GS-E 1102 4635
di-isobutylene Metcalfe et al. (2007)

PRF Curran et al. (1998)
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The initial kinetics model for the studied surrogates was the PRF model of Curran et
al. (1998). In order to simulate the gasoline surrogate A, designed as GS-A model, the PRF
model of Curran (1998) was combined with the ethanol kinetics from Cancino et al. (2009b)
In order to describe the chemical kinetics of ethanol oxidation in surrogate C, the Marinov
(1999) mechanism was used and introduced in the PRF model of Curran, giving the kinetics
mechanism GS-C (see Table 16). For the kinetics mechanism GS-B which describes the
ignition behavior of surrogate B, the mechanism GS-C was used and upgraded by adding the
sub-mechanism for toluene of Andrae et al. (2007). For simulation of gasoline surrogate D,
the PRF model of Curran (1998) was combined with the sub-mechanism of toluene of
Maurice (1996). Finally GS-E model for the gasoline surrogate E was built by using the
kinetics for toluene, ethanol and di-isobutylene from Andrae et al. (2007), Marinov (1999)
and Metcalfe et al. (2007) respectively. For abbreviations and references of the used
mechanism see Table 15 and Table 16.

The proposed detailed kinetics models in this work were tailored in a progressive
form, depending of the availability of the kinetics sub structures at literature, since the
gasoline surrogate models GS-B, GS-C, GS-D and GS-E were built in the first stages of the
development of this work, they used the Marinov model for ethanol instead of the upgraded

model of Cancino et al. (2009)

4.2.1 Detailed kinetics model for ternary gasoline surrogate mixtures

A detailed kinetics model for ternary gasoline surrogate involving ethanol, iso-octane
and n-heptane, gasoline surrogate A, is proposed here and named GS-A in Table 15 and Table
16. The chemical species were selected based on the availability of detailed chemistry in the
literature, especially, the detailed work by Curran et al. (1998). The starting point was the
PRF model of Curran et al. (1998). The chemical kinetics of ethanol oxidation was taken from
Cancino et al (2009b), which is an upgraded chemistry of ethanol based on Marinov (1999)

and Konnov (2000) kinetics mechanisms.

4.2.1.1 Detailed kinetics model GS-A for Gasoline surrogate A

Figure 37 shows the numerical and experimental results for the binary mixture
investigated in section 3.3.2. The PRF model of Curran et al. (1998) overestimates the values

of ignition delay time in the temperature range of this study. The GS-A model underestimates
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the values of ignition delay time for temperatures about ~1050 K. It presents a slight change

in inflection in the range of temperature for which the PRF model presents an NTC behavior

(Curran et al., 1998).

10000
 Ethanol / iso-octane -- 25% / 75% in Air

14=1.0, p ,=30bar

—_
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S
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100 4
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L3 » Exp - This work
------ Num - Curran PRF Model
—— Num - GS-A model, this work
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080 085 090 095 100 105 L0 115 120
1000K/T

Figure 37. Comparison between the predictions of the PRF model of Curran et al. (1998), the
GS-A model and the measurements of ignition delay time for ethanol - iso-octane (25%/75%)
in air.

Adding the upgraded ethanol chemistry, the performance of the resulting detailed
kinetics model GS-A improves. The improvement can be observed in the values of the
apparent pre-exponential factor and in the activation energy predicted by the numerical
models when compared to the fitted data from experiments in section 3.3.2. The curve fitted

expressions arc:

r/pus=107" exp(+100'77 kJ/molSRT) , PRF model Curran et al. (1998).

("'10&87 kJ/mol GS-A model, this work.

Gr)
+107.96 kJ/mol
RT

t/us=10""exp

r/us=10""exp , Experimental fit, this work.

The PRF model of Curran et al. (1998) underestimates the global activation energy in
about ~5 kJ/mol and the pre-exponential factor is about ~9 times higher. Comparing the
experimental results to the proposed model GS-A, the model underestimates the activation

energy in about ~0.6 kJ/mol and the pre-exponential factor is about ~10% lower that the

experimental value.
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For consistency, the model GS-A is checked against the measurements for pure
ethanol. Figure 38 shows the numerical predictions of ignition delay time for ethanol-air
mixtures at stoichiometric composition, at pressures of 10, 30 and 50 bar for both the Curran

PRF model and the GS-A model, compared to the measurements reported in section 3.3.1.
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Figure 38. Comparison between the predictions of the PRF model of Curran et al. (1998), the
GS-A model and the measurements for pure ethanol.

The Curran PRF model was developed specifically for iso-octane and n-heptane fuels
and it was expected that the PRF model would fail in the predictions of ignition delay times
for ethanol-air mixtures, especially at temperatures below 1000 K.

A possible explanation of this flaw is based in the small kinetics data-set for ethanol
decomposition in the PRF model. Also, the PRF model does not reproduce the flattening of
the IDT observed at lower temperatures.

At temperatures above 950 K, however, although it overestimates the measurements,
the PRF model is sensitive to the pressure dependence of the ignition delay time and
reproduces, approximately, the measured apparent activation energy as shown in the fitted

expressions:
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-0.83
r/us=107" exp(+131'20 kJ/mOlSRTj(%ar) , Exp., this work, 7 > 950 K

—0.87
7 /us =102 exp(+135-96 kJ/mOliR T)(P bar) . GS-A model, this work, 7' > 950 K.

-0.81
s =107 exp(+147-98 kJ/mOlmj(Pbar) , PRF, Curran et al. (1998), T > 950 K.

After adding the ethanol chemistry, the resulting kinetics model is able to reproduce
ignition delay times for ethanol-air mixtures.

GS-A model can also be tested against measurements for pure octane. Figure 39
presents the numerical predictions of both, the Curran PRF model and the GS-A model for
iso-octane / air mixtures at pressures of 16.8 and 49.4 bar, temperatures between 950 — 1200

K and stoichiometric composition. The measurements were obtained from Davidson et al.

(2005).
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Figure 39. Comparison between the predictions of the PRF model of Curran et al. (1998), the
GS-A model and the measurements for pure iso-octane from Davidson et al. (2005).

The fitted equations with the characteristics of global activation energy and pre-
exponential factor of the experimental data from Davidson et al. (2005) and for the numerical
model of Curran et al. (1998) and GS-A model are:

For pressure of 16.8 bar,
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10219 +102.35 kJ/mol
7/ps =10 exp( ERT)

, Experimental fit, Davidson et al. (2005).

r/us=10""exp

(H 14.36 kJ/mol PRF model Curran et al. (1998).

Gr)

+136.89 kJ/mol
RT

r/ps=10"""exp , GS-A model, this work.

For pressure of 49.4 bar,

+99.22 kJ/mol
RT

r/us=10""exp , Experimental fit, Davidson et al. (2005).

7/pus =107" exp

(+113~55 kJ/mOliRTj ,  PRF model Curran et al. (1998).

("'13470 kJ/mOliRT) , GS-A model, this work.

r/us=10"*"*exp

Figure 39 shows that the Curran PRF model overestimates the experimental results,
and the discrepancy is more evident at the pressure of 16.8 bar. The GS-A model
underestimates the measurements at higher temperatures and also underestimates the apparent
activation energy. However, the proposed (GS-A) model captures the general trends of the

experiments.

4.2.2 Detailed kinetics models for quaternary gasoline surrogate mixtures

4.2.2.1 Detailed kinetics model GS-B for Gasoline Surrogate B

The base mechanism for GS-B is the primary reference fuel model (PRF) of Curran et
al. (1998), and sub-mechanisms were incorporated to account for the effect of ethanol and/or
toluene.

The results of the ignition delay time experiments and simulation for surrogate B are
depicted in Figure 40. The measurements show the same flattening for temperatures below
900 K observed for the ethanol/iso-octane mixtures.

The predictions using mechanism GS-B results in similar apparent activation energy
and reproduces the plateau at low temperatures, especially at high pressures. At higher

temperatures (< 1000 K) the fitted equations scaled to 30 bar are:

-0.75
r/us=10"* exp(+142‘84 kJ/mOl%T)(pbar) , Experimental fit, 7 > 1000 K

o +126.08 kJ/mol ol
T/pus=1072" exp( mo iRT)(pbar) , GS-B model, T > 1000 K
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Figure 40. Simulation and measurements for surrogate B ignition delay times in air for ¢ =
1.0, p =10, 30, and 50 bar (see Table 15 and Table 16 for composition and submechanisms).

The mechanism describing surrogate GS-B was also checked, for its capability in
reproducing the ignition delay times of the pure components. The mechanism captured for
example quantitatively the results of toluene and the maximum error quoted was about 6 % in
relation to the Andrae et al. (2007) model. However, both predictions deviate strongly from

the measurements by Davidson et al. (2005). Figure 41 shows the comparison.
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Figure 41. Experimental and numerical data of ignition delay time of toluene-air mixtures at
pressure of 17 bar and stoichiometric composition.
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In the high temperature range, above 1050 K, the proposed detailed kinetics model
GS-B as well as the Andrae et al. (2007) model overestimates the global activation energy in
about ~33 kJ/mol, when compared to the experimental data in the same temperature range.
The GS-B model and the Andraec model overestimates the pre-exponential factor in about ~28

times the value of the experimental fit from Davidson et al. (2005). The curve fitted equations

arc:

¢ /us =107°% exp(+73'44 kJ/ m"lm) . Exp. fit, Davidson et al. (2005). (T > 1050 K).

_1-1.88
7/us=10""exp RT

+107.18 kJ/mcy

("‘106'00 kJ/mol ) , GS-B model, this work. (7 > 1050 K).

ERT) , Toluene, Andrae et al. (2007). (T > 1050 K).

r/us=10"" exp(

The reasons for the discrepancy at lower temperatures were not exploded here.

4.2.2.2 Detailed kinetics model GS-C for Gasoline Surrogate C
Figure 42 combines the simulation results using mechanism GS-C with the
measurements reported by Fikri et al. (2008). The GS-C model reproduces most of the trends

exhibited by the measurements, especially for the higher pressures.
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Figure 42. Simulation and experimental results (from Fikri et al., 2008) for surrogate C
ignition delay times in air. ¢ = 1.0 (see Table 15 and Table 16 for composition and
submechanisms models).
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In the high temperature range, above 950 K, the global activation energy and the pre-

exponential factor predicted by the GS-C model agree well with the experimental results as

shown in the fitted expressions:

—0.63
/s =107 exp(+100-58 kJ/mOlmTj(Pbar) . Exp. fit, Fikri et al. (2008), T > 950 K

091
/s =107 exp(+1 18.72 kJ/mOISRTj(pbar) . GS-C model, T > 950 K

The GS-C model over predicts the ignition delay at low temperatures. At 10 bar,
however, the autoignition delay times is over predicted at intermediate temperatures. Further
experimental work including key species time-history measurements of OH (for example
from CH3CH,OH) is desired to further improve the understanding of the relative effects of the

submechanisms used in the blending process.

4.2.2.3 Detailed kinetics model GS-D for Gasoline Surrogate D

Figure 43 presents the comparison between the simulations obtained with the blended
mechanism GS-D (Table 16) and the measurements reported by Gauthier et al (2004). The

GS-D model overestimates the measured ignition delay, but still represents the pressure

dependence.
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Figure 43. Simulation and experimental results (from Gauthier et al., 2004) for surrogate D
ignition delay times in air. ¢ = 1.0 (see Table 15 and Table 16 for composition and
submechanisms models)
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For temperatures above 950 K, the proposed detailed kinetics model GS-D is able to
predict the pressure dependence, and the apparent activation energy is about ~6 kJ/mol higher

that the fitted value obtained from experiments, as shown in the fitted expressions:

-0.87
£ /us =100 exp(”oo-zz kJ/m"liR TJ(P bar) ,Exp. fit, Gauthier et al. (2004), T > 950 K

o +111.46 kJ/mol o
r/ps =107 exp[ m%%T)(pbar) ,GS-D model, T > 950 K

4.2.2.4 Detailed kinetics model GS-E for Gasoline Surrogate E

The kinetics model GS-E is based on the primary reference fuels model (PRF) of
Curran et al. (1998) which accounts for the n-heptane/iso-octane chemistry assembled with
specific sub-structures for toluene from Andrae et al. (2007), di-isobutylene from Metcalfe et
al. (2007), and ethanol from Marinov (1999).

For the validation of the chemical kinetics model GS-E, the results from Fikri et al
(2008) of the quaternary gasoline surrogate comprised of toluene / iso-octane / n-heptane / di-
isobutylene (45% / 25% / 20% / 10% by liquid volume) were used. Both experimental and

simulation results are shown in Figure 44.
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Figure 44. Experimental results from Fikri et al. (2008) and simulation for the gasoline

surrogate E comprised of toluene / iso-octane / n-heptane / di-isobutylene at composition of
45% 1 25% / 20% / 10% by liquid volume.



110

Development and Application of Detailed Chemical Kinetic Mechanisms for Ethanol Containing Hydrocarbon Fuels.

Thesis — Leonel Rincén Cancino.

The proposed kinetics model renders the trend of the auto-ignition, but it does not

capture the absolute values. The fitted expressions,

-1.18
7 /us =10 exp(+63'66 ky/ mdiRTj(%ar) “Exp. fit, Fikri et al. (2008), T > 750 K

-1.10
7/ps =10 exp(+64.24 kJ/mOlSRT)(Pbar) ,GS-E model, T > 750 K

show good agreement in the prediction of the global activation energy and pressure

dependence. The difference in the pre-exponential factor is a result of the “shift” in the

ignition delay time predictions.

4.2.3 Comparison between GS-B, GS-C and GS-D detailed kinetics models.

Using the pressure scaling to ps = 30 bar, equation [47], and using the respective
scaling factors reported in Fikri et al. (2008), Gauthier et al. (2004) and in this work, all the
measurements can be collapsed into a single graph and compared to the predictions using
models GS-B, GS-C, and GS-D. This is presented in Figure 45. The figure shows that the

predictions over estimate the measurements especially at lower temperatures.
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Figure 45. Simulation and experimental results for surrogates B, C and D / air ignition delay
times at ps= 30 bar. ¢ = 1.0 (see Table 15 and Table 16 for composition and submechanisms
models).
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Model GS-B reproduces the flattening observed in the experiments in the temperature
range between 800 and 690 K. The model GS-C does not reproduce the same trend exhibited
by the measurements.

For surrogate D, no experimental data is available in the low-temperature range,
whereas GS-D model predicts a flattening of the ignition delay time in the lower temperature

range. For temperatures above 1000 K, the expressions:

r/us=10""exp

(+92-31 kJ/mol “ Tj , GS-B Exp. fit, this work, 7 > 1000 K.

, GS-B model, this work, 7 > 1000 K.

1032 +122.68 kJ/mol
7/us=10 exp( ERTJ

r/us=10""exp

(”26'15 kJ/mOISRTj . GS-C Exp. fit, Fikri et al. (2008), T > 1000 K.

r/ps =107 exp(+126'22 kJ/molSRTj , GS-C model, this work, 7 > 1000 K.

, GS-D Exp. fit, Gauthier et al. (2004), 7 > 1000 K.

7/ps =107 exp(—'—l 14.03 kJ/mol

Gir)

/ps = 10273 exp(“ 17.98 kJ/mol

SRT) , GS-D model, this work, 7 > 1000 K.

show that GS-B model overestimates the global activation energy in about ~20 kJ/mol, and
also overestimates the pre-exponential factor. The GS-C and GS-D models are in good
agreement in relation to the apparent activation energy and pre-exponential factor.

Further comparison with measurements from Andrae et al. (2007) show that this
mechanism does not work well, see Cancino et al. (2009a).

Therefore, further improvement of this mechanism is required, by validating it against
experimental data for wider range of temperature and pressure. Also, the ethanol sub-
mechanism of Marinov (1999) does not give satisfactory results at high pressures and
intermediate temperatures as shown in Figure 31, and further refinements are needed.

An analysis of the important reactions may help to the optimization of the mechanism.
The kernel of the ignition chemistry for hydrocarbon fuels is centered around three

elementary reactions (Risberg, 2006; Westbrook, 2000):

H +0,+M—HO, +M (R25)



112

Development and Application of Detailed Chemical Kinetic Mechanisms for Ethanol Containing Hydrocarbon Fuels.
Thesis — Leonel Rincon Cancino.

RH+HO, >R’ +H,0, (R26)

H,0,+M —20H +M (R27)

In these reactions, RH denotes an alkane, R denotes an alkyl radical. The reactions
(R25) and (R26) are chain propagating reactions and (R27) is a chain branching reaction, and
the most important reaction for the promotion of the hydroxyl radical (OH") which is a key

species to promote ignition. Reaction (R28):

H+0, >OH +0 (R28)

also plays a significant role for the ignition delay time at temperatures above 1200 K. Below
this temperature, and at measured temperatures and pressures, the chemistry is dominated by
the termination reaction (R25).

Accordingly, and to explain the non-consensus of the simulations performed in this
work, the hydrogen peroxide (H,O,) production could be eventually underestimated in the
presented mechanisms.

The approach of blending sub-mechanisms used in this work, does not consider cross
reactions in which a free radical generated from one of the fuels “abstracts” hydrogen from
the other fuel. Andrae et al. (2007) presents a detailed kinetics model for Toluene Reference
Fuels (TRF) in which cross reactions between toluene and PRF and between iso-octane and n-
heptane are contemplated.

Therefore, the detailed kinetics model of Andrae et al. (2007) was also used to
simulate the gasoline surrogates GS-B, GS-C and GS-D investigated in this work. Figure 46
shows the corresponding results.

Figure 46 shows that the TRF model does not present a clear distinction between the
ignition delay times for the gasoline surrogates GS-B, GS-C and GS-D, at temperatures above
~ 950 K. The experiments, however, indicate a difference in this temperature range. The
detailed kinetics mechanisms tailored in this work, in contrast, are able to reproduce the
experimentally observed difference of the ignition delay times as shown, for instance in
Figure 45. Also, the proposed blended mechanisms show that, at low temperatures, the
ignition delay times increase with increasing the octane number calculated using a blending

program from Shell, (Kalghatgi, 2007), as shown in Figure 45.
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Figure 46. Simulation and experimental results for surrogates B, C and D / air ignition delay
times at ps= 30 bar at ¢ = 1.0 — Comparison with the results of the toluene fuel reference
mechanism (TRF) of Andrae et al. (2007).
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Figure 47. Effect of cross reactions in the ignition delay times using the model of Andrae et
al. (2007)

Figure 47 compares the simulated ignition delay times with and without considering
the cross-reactions from the Andrae model. One can clearly see that under these conditions

cross reactions effects are insignificant, which agrees with the observations by Andrae et al.

(2007).
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Chapter 5: Conclusions and Recommendations

Several conclusions and recommendations can be done at the end of this work. The
mayor objective focused to the development and application of detailed chemical kinetics
mechanisms for pure ethanol and ethanol containing multi-component gasoline surrogates
was reached. The proposed detailed kinetics models were validated against experimental
results of ignition delay times for ethanol pure and gasoline surrogates GS-A and GS-B. The
experiments were performed in the Laboratory for Combustion and Gasdynamic — IVG at
University of Duisburg-Essen, Germany. The conclusions and recommendations of this work

are listed separately for each reactive system investigated in this work.

5.1 Ethanol/air system

The final proposed detailed kinetics model for pure ethanol is formed by 136 chemical
species and 1136 elementary reactions. Table 13 shows the major characteristics of the
detailed kinetics mechanism proposed in this work. The detailed kinetics model predicts the
reduced pressure sensitivity of the ignition delay time at higher pressures. Additionally, it
predicts the global trend with temperature. No negative temperature coefficient region was
detected in the temperature and pressure range analyzed. From the detailed kinetics modeling,
a possible main oxidation route for ethanol oxidation at high pressures is suggested, see
Figure 36. This route involves the H-atom abstraction from the secondary carbon of the
ethanol molecule by reaction with hydroperoxy radical, giving CH;CHOH and H,O; as major
products

The sensitivity analysis (discussed in section 2.5.1) revealed that reaction C;HsOH +
HO, = SC,Hs0 + H,0, has the largest sensitivity on temperature, OH, H,O, and C,HsOH
concentrations in the whole temperature interval tested. To improve the predictive capability
of the kinetics model, the original Arrhenius parameters of this reaction in the Konnov
mechanism were altered. The total reaction rate constant for this reaction in the proposed
mechanism was formed by the sum of three constants: k, = 1.01x10™"* exp(+41351/RT), k, =
4.65x10"2°7437 and k.=2.45x% 10727+, A similar expression for this rate constant was not
found in the literature and this is advanced here as a way of better predicting the

measurements for higher pressure and lower temperature.
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A more complete comparison of predictions with this reaction mechanism against
measurements is recommended, as well as, a more thorough study of the reactions pointed as

the most sensitive, especially the reaction C;HsOH + HO, = SC,Hs0 + H,0,,

5.2 Multi-component Gasoline surrogates/air systems

In this work, five detailed kinetics models for multi-component gasoline surrogates are
proposed.

The first one, named GS-A, was created for ternary mixtures and validated for binary
mixtures of iso-octane and ethanol (75% / 25%, by liquid volume). The blended mechanisms
were the PRFs (iso-octane and n-heptane) and ethanol based on the kinetics schemes from
Curran (1998) and Cancino et al. (2009b) respectively. The proposed detailed kinetics model,
GS-A, was validated against experimental results from this work, and against experimental
results of ignition delay times in shock tube for the pure fuels available at literature. The
numerical results of ignition delay time show good agreement to the experimental data of
ethanol and iso-octane available in the literature.

For iso-octane/air mixtures, the Curran PRF model overestimates the experimental
results, and the discrepancy is more evident at pressures of 16.8 bar. The GS-A model
underestimates the experimental results. However, it captures the general trends of the
experiments. For the binary mixture analyzed in this work, the PRF model overestimates the
values of ignition delay time in the temperature range of this study. Adding the upgraded
ethanol chemistry (Cancino et al. 2009b), the performance of the resulting detailed kinetics
model improves. The proposed model underestimates the values of ignition delay time for
temperatures about ~1050 K.

The GS-B model was developed and validated for quaternary mixtures. The model
was and built by using the PRF model of Curran et al. (1998), the ethanol kinetics from
Marinov (1999) and the Toluene kinetics from Andrae et al. (2007). The mechanism GS-B for
the surrogate B (ethanol / iso-octane / n-heptane / toluene — 40% / 37.8% / 10.2% / 12% by
liquid volume) predicts similar apparent activation energies for the ignition delay times as the
experimental data. It shows, similarly to the experimental data a flattening trend in activation
energy at low temperatures especially at high pressures. The mechanism describing surrogate
GS-B was also checked against ignition delay times of the pure components. The mechanism

captured quantitatively the results of toluene and the maximum error quoted was about 6%.
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The GS-C model was developed and tested for ternary mixtures. The kinetics model
was built by tailoring the PRF model from Curran et al. (1998) and ethanol kinetics from
Marinov (1999). The mechanism GS-C, for gasoline surrogate C (ethanol / iso-octane / n-
heptane — 20% / 62% / 18%, by liquid volume), results in relative good prediction of the
autoignition delay time of surrogate GS-C at three different pressures. The agreement is good
in the high-temperature range for the results at 30 and 50 bar but the model overpredicts the
ignition delay at low temperatures. At 10 bar, the autoignition delay times is over predicted
even at high temperature. However, it can be clearly seen that the mechanism GS-C gives the
closest agreement from all mechanisms with respect to the experimental data.

The GS-D detailed kinetics model was developed and tested for the gasoline surrogate
D (iso-octane / n-heptane / toluene — 69% / 17% / 14%, by liquid volume). The kinetics model
was built by tailoring the PRF model of Curran et al. (1998) and toluene kinetics from
Maurice (1996).

The GS-E detailed kinetics model was developed for quinary mixtures and tested for
quaternary mixtures. The kinetics model is based on the primary reference fuels model (PRF)
of Curran et al. (1998) which accounts for the n-heptane/iso-octane chemistry assembled with
specific sub-structures for toluene from Andrae et al. (2007), di-isobutylene from Metcalfe et
al. (2007), and ethanol from Marinov (1999).

The ignition delay times are “shifted” in all results for GS-B, GS-C, GS-D and GS-E
compared to the experimental results to longer times. Further comparisons of simulated
ignition delay times based on the mechanism with the added toluene reactions with
experimental data from Andrae et al. (2007) show that this mechanism causes some
disagreement in the 900—-1200 K range. Therefore, further improvement of this mechanism is
required, by validating it against experimental data for wider range of temperature and
pressure. Also, the ethanol sub-mechanism of Marinov does not give satisfactory results for
the higher pressures. Further experimental work including key species time-history
measurements of OH (for example from CH3;CH,OH) is desired to further improve the

understanding of the relative effects of the submechanisms used in the blending process.
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Abstract

Ignition-delay times were measured in shock-heated gases for a surrogate gasoline fuel comprised of eth-
anol/iso-octane/n-heptane/toluene at a composition of 40%/37.8%/10.2%/12% by liquid volume with a cal-
culated octane number of 98.8. The experiments were carried out in stoichiometric mixtures in air behind
reflected shock waves in a heated high-pressure shock tube. Initial reflected shock conditions were as fol-
lows: Temperatures of 690-1200 K, and pressures of 10, 30 and 50 bar, respectively. Ignition delay times
were determined from CH" chemiluminescence at 431.5 nm measured at a sidewall location. The experi-
mental results are compared to simulated ignition delay times based on detailed chemical kinetic mecha-
nisms. The main mechanism is based on the primary reference fuels (PRF) model, and sub-mechanisms
were incorporated to account for the effect of ethanol and/or toluene. The simulations are also compared
to experimental ignition-delay data from the literature for ethanol/iso-octane/n-heptane (20%/62%/18% by
liquid volume) and iso-octane/n-heptane/toluene (69%/17%/14% by liquid volume) surrogate fuels. The
relative behavior of the ignition delay times of the different surrogates was well predicted, but the simula-
tions overestimate the ignition delay, mostly at low temperatures.
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1. Introduction

In the development of future fuels for internal
combustion (IC) engines the interest currently
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shifts towards increasing the concentration of bio-
mass-derived and synthetic components. Special
emphasis is set on ethanol, because of its high
availability. It has also been used as an octane-
boosting, pollution-reducing additive for gasoline
[1]. Countries like Brazil have a long history in
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using ethanol for IC engines and automotive fuel
is commercially available in mixture with ethanol
at about 25% or as 100% ethanol. So-called flex
engines have been developed to cope with strongly
varying fuel compositions [2]. Nevertheless, fun-
damental studies of the ignition properties of eth-
anol-containing model fuels are scarce [3].

For the characterization of fuels the autoignition
delay is a significant observable and is a critical
parameter for IC engines. It influences the perfor-
mance of both compression-ignition (CI) and
spark-ignition (SI) engines. In CI and homoge-
neous-charge compression-ignition (HCCI) engines,
the combustion process is initiated by autoignition.
Therefore, it is crucial to know “when” ignition will
occur. In SI engines, autoignition causes knock
which limits the accessibility of the most efficient
engine operation regimes. Therefore, again, it is nec-
essary to know after which residence time a fuel
ignites at specific temperatures and pressures.

Several methodologies can be applied to deter-
mine ignition delay times (IDTs). Experiments
were carried out in shock tubes, rapid-compres-
sion machines (RCM), or perfectly stirred reactors
(PSR) [3-6]. Here, we study the ignition delay in a
shock tube using undiluted homogeneous mix-
tures of fuel and synthetic air in order to generate
validation data for comparison with the results of
chemistry models.

Practical fuels are a complex mixture of various
hydrocarbons. Their ignition characteristics are
typically described by comparison to those of ref-
erence fuels. The traditional comparison to two-
component fuels (n-heptane/iso-octane defining
the octane number ON) has shown weaknesses
for the operating conditions of modern IC engines.
Therefore, more complicated surrogate fuels have
been developed. Detailed chemical mechanisms
for ignition and combustion of reference fuels
can then be included in engine simulations.

Validation and optimization of such models
depend on the availability of experimental data,
particularly on IDTs. Recently, models have been
developed for fuel surrogates such as n-heptane/
toluene [7]. Yahyaoui et al. studied the oxidation
of iso-octane/toluene/1-hexane/ETBE mixtures
in a jet stirred reactor [8]. The experimental data
have been used to validate a new detailed chemical
kinetics mechanism including cross-reactions [5,7].
The same group studied the autoignition of a bin-
ary mixture of 1-hexene and toluene in a shock

Table 1

tube in the 750-1860 K temperature and 2-
10 bar pressure range [9]. Studies of other relevant
mixtures containing aromatics, olefins and etha-
nol are just appearing [5,7]. Recently, Fikri et al.
[3] measured the ignition delay times for various
shock-heated mixtures of two multi-component
model fuels in air. The fuels were comprised of
n-heptane/iso-octane/ethanol and n-heptane/tolu-
ene/iso-octane/diisobutylene (18%/62%/20% and
20%/45%/25%/10% by liquid volume, respec-
tively). The fuels have similar research octane
numbers (RON 95) and motor octane numbers
(MON 85) that correspond to the standard Euro-
pean gasoline. Gauthier et al. [4] investigated the
ignition-delay time of gasoline behind reflected
shock waves and compared them to the results
of two gasoline surrogates comprised of iso-
octane/toluene/n-heptane by keeping the n-hep-
tane fraction constant and varying the iso-
octane/toluene proportion. The optimized surro-
gates showed a good agreement to real gasoline
in terms of IDTs.

The previous studies have thus focused on
hydrocarbon-based fuels with either toluene or
ethanol. Surrogates containing both components
have not yet been studied. Therefore, the main
purpose of this study was to provide experimental
data for fuel surrogates containing ethanol as well
as toluene for the development of chemical kinetic
models for gasoline/ethanol mixtures. We there-
fore studied the behavior of a four-component
fuel (called “Surrogate A” in this paper) of etha-
nol/iso-octane/n-heptane/toluene  (40%/37.8%/
10.2%/12% by liquid volume) behind reflected
shock waves. Our model results are additionally
compared to the literature data for surrogate fuels
based on a primary reference fuel containing eth-
anol [3] or toluene [4] (called “Surrogate B” and
“Surrogate C” in this paper, resp.). Table 1 sum-
marizes the composition of the three surrogates.
The respective octane numbers have been calcu-
lated using a blending program from Shell [10].

The numerical simulations were done using the
SHOCK package of CHEMKIN [11]. The
detailed kinetic models tailored in this work use
the PRF model of Curran et al. [6] for iso-
octane/n-heptane chemistry as a ‘“kernel”. This
PRF model is the result of the improvement and
of several detailed kinetics models developed for
hydrocarbons containing up to eight carbon
atoms in the molecular structure [6]. The PRF

Composition of the gasoline surrogates (GS) investigated in this study

Gasoline surrogate

Composition liquid volume (%)

Octane number

Ethanol Iso-octane n-Heptane Toluene
Surrogate A 40.0 37.8 10.2 12.0 98.75 [10]
Surrogate B [3] 20.0 62.0 18.0 ok 92.0 [10]
Surrogate C [4] wok 69.0 17.0 14.0 87.0 [10]
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kinetic model has been tested and validated
against various experimental data [6]. Sub-mecha-
nisms for toluene and/or ethanol were embedded
into the PRF mechanism to expand its applicabil-
ity to a larger variety of fuels. The blending proce-
dure that carefully adds selected additional
reactions to the base mechanisms is described in
the section ‘“‘chemistry modeling”. This work is
the first contribution for the optimization process
of kinetic models involving ethanol, iso-octane, n-
heptane, and toluene.

2. Experimental

The experiments were carried out in a high-
pressure shock tube with an internal diameter
of 90 mm. It is divided by an aluminum dia-
phragm into a driver section of 6.1 m and a dri-
ven section of 6.4 m in length. The driven section
was pumped down to pressures below 1072 mbar.
Gas mixtures were prepared by injection of a
liquid mixture and subsequent complete evapora-
tion in a stainless-steel mixing vessel. The total
amount of fuel and air was controlled manomet-
rically in order to ensure the desired equivalence
ratio. The shock speed was measured over two
intervals using three piezo-electric pressure
gauges. The data were recorded with a time res-
olution of 0.1 ps. The temperature and pressure
behind the reflected shock wave were computed
from the measured incident shock speed and
the attenuation using a one-dimensional shock-
tube model (CHEMKIN [11]). The estimated
uncertainty in reflected shock temperature is less
than £25 K in the temperature and time range of
our measurements. The experiments were carried
out in synthetic air containing 79.5% N, and
20.5% O, by volume.

The model calculations used here are based on
an isochoric assumption. The first stage of pre-
ignition, however, causes indeed a slight pressure
increase, which can expand in the form of a
non-stationary wave thus influencing the ignition
behavior. In the crucial case (long time observa-
tion related to low-to-intermediate temperature)
the maximum temperature increase was estimated
to be 20 K which is within the error estimated in
the uncertainty. Moreover, we should mention
that small changes in temperature are most rele-
vant to measurements at low temperature and
therefore do not dramatically affect the ignition
delay times ti, in the NTC range. We believe that
this effect is to some extent fuel-specific and also
dependent on how well the driver gas tailoring
was chosen.

The ignition was observed behind the reflected
shock waves by measuring temporal pressure pro-
files with a piezo-electric gauge (PCB HM 112
AO03) at a side-wall position 15 mm upstream of
the endplate. Also, CH* chemiluminescence was

measured at the same position. It was selected
by a bandpass filter (431.5 nm, 5nm HWHM)
and detected with a photomultiplier with a time
resolution of 1 ps. Ignition delay times were deter-
mined by extrapolating either the steepest increase
of the CH" emission signal to its zero level on the
time axis or the pressure increase due to the igni-
tion. Both procedures yield very similar results
(<5% deviation). Here, we use the data obtained
from the chemiluminescence measurement. Bifur-
cation effects are not observed.

We used driver gas tailoring to extend the
observation time to a maximum of 15 ms to allow
for measurements of the IDTs at low tempera-
tures. The driver gas was mixed in situ by using
two high-pressure mass-flow controllers (Bronk-
horst Hi-Tec flow meter). Helium was used as
the main component and 5-20% argon was added
to match the acoustic impedance of the test gas.
The composition was calculated for each experi-
mental condition using equations by Oertel [12]
and Palmer and Knox [13].

3. Chemistry modeling

Several detailed kinetic mechanisms for differ-
ent hydrocarbons and blends of primary reference
fuels (PRF) are available in the literature
[6,14,15]. In this work, three different mechanisms
were taken into account and tailored for the spe-
cific gasoline surrogates. The “adaptation pro-
cess” of the kinetic models is based on blending
of different sub-mechanisms for the different fuel
compounds. This process requires a sequence of
steps to construct the final detailed kinetic model
that are outlined for the combination of two
mechanisms below:

1. Analyze and potentially adjust the kinetic
information of both mechanisms for their use
in CHEMKIN.

2. Check the species names in both mechanisms
and remove duplicate reactions from the sec-
ond (minor) mechanism.

3. Add the missing reactions into the major
mechanism.

4. Check the thermodynamic data base of the
major mechanism and upgrade it with data
for the missing species.

5. Test the blended kinetic model with the
CHEMKIN interpreter and validate it against
measured IDTs. To make sure that the added
reactions for an additional fuel component
do not change the behavior of the mechanism
in case this component is not present.

6. Optimize the blended kinetic mechanism:
Determine the rate-determining route for
autoignition via a sensitivity analysis and fig-
ure out whether the major reactions have reli-
able (directly measured) kinetic data.
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Table 2

Characteristics of the detailed kinetic mechanisms adapted to the surrogate fuels investigated in this work

Mechanism Blended mechanism Reference
Surrogate A GS-A Ethanol 1]
Toluene (18]
Surrogate B GS-B Ethanol 1]
Surrogate C GS-C Toluene [17]

The adopted mechanisms used for the surrogates A, B, and C were tailored by incorporating the mechanisms given in the

third column into the PRF mechanism [6].

The blending procedure is time consuming. If
two chemical species have the same chemical for-
mula, it is necessary to check their thermodynamic
databases by comparing the enthalpy /4, heat
capacity ¢,, and entropy s at several temperature
values. If their thermodynamic properties return
the same (or similar) values, then both chemical
species are identical despite different names or
abbreviations used in the original kinetic models.

These steps require the utilization of computa-
tional tools. In this work the programs of Rolland
and Simmie [16] were used to compare the kinetics
mechanisms and thermodynamic databases.

3.1. Tailored kinetic models for gasoline surrogates

Three detailed kinetic mechanisms were
adapted to simulate the IDTs of different gasoline
surrogates with the compositions and characteris-
tics given in Table 1. Table 2 summarizes the ori-
gin of the sub-mechanisms. The full mechanisms
are available as Supplementary material from
the combustion symposium website.

The initial kinetic model tailored for the stud-
ied surrogates was the PRF model of Curran
et al. [6]. To describe the chemical kinetics of eth-
anol oxidation, the Marinov mechanism was used
[1] and introduced in the PRF model of Curran,
giving the kinetic mechanism GS-B to simulate
the ignition delay times of surrogate B (see Table
2). For the elaboration of the kinetic mechanism
GS-A which describes the ignition behavior of
surrogate A, the mechanism GS-B was used and
upgraded by adding the sub-mechanism for tolu-
ene of Andrae et al. [18]. Finally, to simulate the
gasoline surrogate C, the kinetic model GS-C
was designed. Here, the PRF model of Curran
was combined with the sub-mechanism of toluene
of Maurice [17]. For abbreviations and references
of the used mechanism see Tables 1 and 2.

4. Results and discussion

This work combines experimental and simu-
lated ignition delay times for gasoline surrogates
that contain toluene and/or ethanol. The simula-
tions are based on different blended mechanisms.

Thus, the comparison to experimental data allows
to choose the most appropriate modeling
approaches. The results are parceled in groups
and presented in the following order: (i) presenta-
tion of the new experimental results for surrogate
A and comparison with simulations, (ii) simula-
tion of the IDTs of surrogate B, and (iii) ignition
delay results for gasoline surrogate C in compari-
son to experimental data from the literature [3,4].

4.1. Results for surrogate A

The temperature range of the present study
was 690 < T'< 1200 K and target pressures were
10 £2, 30 &2 and 50 & 2 bar. All measurements
were carried out at ¢ = 1. Typical pressure and
CH" emission profiles are shown in Fig. 1 for an
experiment at 7=764 K, p=31.5bar and ¢
=1.0. The two-step increase in pressure is due
to the incident and reflected shock wave (time
zero) followed by a constant pressure for about
4750 ps. The CH* emission (lower part of Fig. 1)
remains at zero level for 4750 us, followed by a
steep rise that indicates ignition. Ignition delay
times shown here are based on an extrapolation
of the increase in CH* chemiluminescence emis-
sion to the zero level.

The results and simulations of the IDT experi-
ments for surrogate A are presented in Table 3
and depicted in Fig. 2. For this data set the onset

1.0 4
s
4 i
0.8 / 13 0
. f 1 E
= /
< 0.6 Pressure signal { m
< L D R OAGUEE, 12 B
) / 73
5 0.4 g.
17
%] | =]
< < Ignition delay timet ———————>| | | I <
A~ 0.2} ®
=1
il et ke P 10
0.0 CH?* signal
T T T T T T
0 1 2 3 4 5
Time / ms

Fig. 1. Example of surrogate Afair ignition data
showing the determination of the ignition delay time.
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Table 3
Measured ignition delay times for surrogate A in air

® Ts (K) Ps (bar) Ting (1)
1.0 1201 10.1 158
1.0 1162 10.3 544
1.0 1093 9.9 939
1.0 1058 10.3 1438
1.0 1010 10.3 2436
1.0 935 9.8 3495
1.0 906 10.3 N-1I
1.0 853 10.2 N-I
1.0 806 10.3 N-I
1.0 758 104 N-1I
1.0 683 9.8 N-I
1.0 1194 30 50
1.0 1168 31 94
1.0 1128 32 149
1.0 1057 30 314
1.0 1016 31 555
1.0 983 28 774
1.0 951 30 806
1.0 858 31 2795
1.0 809 26 6944
1.0 793 29 6962
1.0 764 31 4975
1.0 701 30 8731
1.0 1191 50 28
1.0 1102 51 110
1.0 985 49 534
1.0 930 48 1705
1.0 891 49 2296
1.0 828 47 3792
1. 788 48 5037

N-1, no ignition.

of a weak negative temperature coefficient (NTC)
regime at around 900 K is observed.

The mechanism GS-A for the surrogate A pre-
dicts a similar activation energy for IDTs as the
experimental data. It shows similarly to the exper-

e m Exp. 10 bar - this work
® Exp. 30 bar - this work
A A Exp. 50 bar - this work
Sim. 10 bar - Blended model
o4 | Sim. 30 bar - Blended model
--= Sim. 50 bar - Blended model

Ignition delay time T/ us

08 09 10 11 12 13 14
1000K/T

Fig. 2. Simulation and experimental results for surro-
gate A ignition delay times in air. ¢ = 1.0, p = 10, 30,
and 50 bar (see Tables 1 and 2 for composition and sub-
mechanisms models).

Ignition delay time 7/ us

10 L — 10 bar - Simulation
X ‘®a - 30 bar - Simulation
e 50 bar - Simulation

L ! /" B 10 bar - Measuremts [3]

10*4 A ® 30 bar - Measuremts [3]

A 50 bar - Measuremts [3]

08 09 10 11 12 13 14 15
1000K/T

Fig. 3. Simulation and experimental results (from [3])
for surrogate B ignition delay times in air. ¢ = 1.0 (see
Tables 1 and 2 for composition and sub-mechanisms
models).

imental data a roll-off trend in activation energy at
low temperatures especially at high pressures.

The mechanism describing surrogate GS-A
was also checked, whether it still reproduces the
IDTs of the pure components. The mechanism
captured for example quantitatively the results
of toluene and the maximum error quoted was
about 6%.

4.2. Results for surrogate B

Figure 3 combines our simulation results with
the experimental data reported by Fikri et al. [3].
The lines depict the results of the simulation using
the primary reference fuel mechanism of Curran
in combination with the Marinov mechanism
describing the ethanol oxidation. The new model
does a relatively good job in predicting the autoig-
nition delay time of surrogate B at three different
pressures. The agreement is good in the high-tem-
perature range for the results at 30 and 50 bar.
The model over predicts the ignition delay at
low temperatures. At 10 bar, however, the autoig-
nition delay times is over predicted even at high
temperature. The model does not capture the
experimental results obtained from the shock tube
at this pressure.

It can be clearly seen that the mechanism GS-B
gives the closest agreement from all mechanisms
with respect to the experimental data. Further
experimental work including key species time-his-
tory measurements of OH (for example from
CH;CH,OH) is desired to further improve the
understanding of the relative effects of the sub-
mechanisms used in the blending process.

4.3. Results for surrogate C
Figure 4 shows the simulations obtained with

the blended mechanism GS-C (Table 2) and the
experimental data reported by Gauthier et al.
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Ignition delay time 7/ us
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" - o Experiments [4], 55 bar
| 7 Simulation, 25 bar
LI ) Simulation, 55 bar
0.8 0.9 1.0 1.1 1.2 1.3 14 1.5

1000K /T

Fig. 4. Simulation and experimental results (from [4])
for surrogate C ignition delay times in air. ¢ = 1.0 (see
Tables 1 and 2 for composition and sub-mechanisms
models).

GS-A Measurements
= GS-B Measurements
GS-C Measurements
- - = GS-A Simulation
— GS-B Simulation
-+ GS-C Simulation

Ignition delay time 7/ ps

10 T T T T T T T
08 09 1.0 1.1 1.2 1.3 1.4 L5

1000K /T

Fig. 5. Simulation and experimental results for all
surrogates/air ignition delay times at ps =30 bar. ¢
=1.0 (see Tables 1 and 2 for composition and sub-
mechanisms models).

[4]. Tt is clearly seen, that the model also overesti-
mates the measured ignition delay, but is still sen-
sitive to the pressure dependence.

All detailed kinetic models GS-A, GS-B, and
GS-C overestimate the IDTs. Figure 5 shows the
experimental data scaled to ps = 30 bar using their
respective scaling factors reported in [3,4] and the
numerical simulation for the same pressure level
for all surrogates. The data show a slight NTC
behavior between 800 and 690 K for surrogates
B which is also predicted by the simulation. For
surrogate A the experiments indicate a weak
NTC effect which is not shown by the simulation.
Further experimental data are required to investi-
gate this discrepancy.

For the surrogate GS-C no experimental data
are available in the low-temperature range, how-
ever, the detailed kinetic model for this surrogate
predicts a negative temperature behavior in this
temperature range (dotted line). Despite these dis-
crepancies in ignition delay times, the models cap-

ture the trends of the experiments. The ignition
delay times are ‘“‘shifted” in all cases compared
to the experimental results to longer times. Fur-
ther comparisons of simulated ignition delay times
based on the mechanism with the added toluene
reactions with experimental data from [18] show
that this mechanism causes some disagreement
in the 900-1200 K range. Therefore, further
improvement of this mechanism is required, by
validating it against experimental data for wide
range of temperature and pressure.

Also, the ethanol sub-mechanism of Marinov
does not give satisfactory results in our applica-
tion and further refinements are needed. A sensi-
tivity analysis of the two mechanisms is in
progress. The results will shed light onto the key
reactions which have the largest impact on the
autoignition.

The kernel of the ignition chemistry is centered
around three elementary reactions [19]:

H'+02+M—>HO'2+M (Rl)
RH + HO2 — R+ H,O, (RZ)
H,0, + M — 20H + M (R3)

In these reactions, RH denotes an alkane, R de-
notes an alkyl radical. The reactions (R1) and
(R2) are chain propagating reactions and (R3) is
a chain branching reaction, and the most impor-
tant reaction for the promotion of the hydroxyl
radical (OH) which is a key species to promote
ignition [20]. The reaction (R4):

H+0, - OH +0 (R4)

also plays a significant role for the IDT at temper-
atures above 1200 K. Below this temperature and
at measured temperatures and pressures the chem-
istry is dominated by (R1). Accordingly, and to
explain the non-consensus of the simulations in
this work, the hydrogen peroxide (H,O,) produc-
tion could be eventually underestimated in the
presented mechanisms.

Our approach of blending sub-mechanisms
does not consider cross-reactions in which a free
radical generated from one of the fuels
“abstracts” hydrogen from the other fuel [18].
Andrae et al. [18] present a detailed kinetic model
for toluene reference fuels (TRF), in which cross-
reactions between toluene and PRF and between
iso-octane and n-heptane are contemplated.
Therefore, the detailed kinetic model of Andrae
et al. [18] was also used to simulate the three gas-
oline surrogates investigated in this work. Figure
6 shows the results. Figure 7 compares the simu-
lated ignition delay times with and without con-
sidering the cross-reactions from the Andrae
model. One can clearly see that under these condi-
tions cross-reactions are insignificant which agrees
with the observation by Andrae et al. [18]. The
TRF model does not show a clear difference
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Fig. 6. Simulation and experimental results for all
surrogates/air ignition delay times at ps=30bar. ¢
=1.0 — comparison with the results of the toluene
reference fuel mechanism (TRF) of Andrae et al. [18].
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Fig. 7. Effect of cross-reactions in the ignition delay
times using the model from [18].

between the ignition delay times for the three gas-
oline surrogates at temperatures above ~950 K.
The experiments, however, indicate a difference
in this temperature range. The detailed kinetic
mechanisms tailored in this work in contrast are
able to reproduce the experimentally observed dif-
ference of the ignition delay times (see Fig. 5).
Also, our blended mechanism shows that at low
temperature the ignition delay times increase with
increasing the octane number calculated using a
blending program from Shell [10].

5. Summary and conclusions

In this work, ignition delay times of a gasoline
surrogate A (ethanol/iso-octane/n-heptane: 40%/
37.8%/10.2%/12% by liquid volume) have been
studied using the Duisburg high-pressure shock
tube facility. The investigated post-reflected-shock
temperature range was 690-1200 K. For investi-

gations at low temperature, tailoring of the driver
gas was necessary to extend the observation time.
The experiments were carried out at stoichiome-
tric (¢ = 1) conditions at pressures of 10, 30 and
50 bar. IDTs were evaluated using side-wall detec-
tion of CH" chemiluminescence (/4 = 431.5 nm).
Detailed kinetics modeling was used to simu-
late the autoignition of surrogate A and two other
gasoline surrogates (surrogate B: ethanol/iso-
octane/n-heptane: 20%/62%/18% by liquid vol-
ume, surrogate C: iso-octane/n-heptane/toluene:
69%/17%/14% by liquid volume) based on exper-
imental data from the literature [2,3]. The model
was developed by incorporating sub-mechanisms
for ethanol and/or toluene oxidation into the pri-
mary reference fuel model of Curran et al. [6]. The
resulting model shows the right trend but fails to
capture absolute values of the ignition delay
times, especially at low temperatures. All kinetics
models over estimate the ignition delay times.
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Abstract:

The present work proposes a detailed kinetic
model for the thermal oxidation of ethanol/air
mixtures at intermediate temperatures and high
pressures, validated against ignition delay times
measured in a shock tube behind reflected shock
waves. Ignition delay times were measured un-
der stoichiometric conditions at 10, 30, and 50
bar and from 650 to 1220 K. From a multi-
ple linear regression analysis using In(7) as the
dependent variable and (1/7T) and In(p) as in-
dependent variables an expression of 7/us =
10717 exp(+12400 K/T) (p/bar)~ 983 was curve
fitted for the measured range of temperature,
pressure and stoichiometric mixture. The kinetic
model was built up by incorporating available sub-
mechanisms for ethanol chemistry (Marinov) as
well as Cs-chemistry (Konnov), taken as central
kernel. Additionally, other key reactions obtained
from computational chemistry and available on
the literature (Lin) were included. For improve-
ment of the model, the sensitivity of each reaction
on temperature, OH, HyO5, and CoH5OH concen-
trations was determined using a perfectly-stirred-
reactor assumption for temperatures of 1100, 950,
and 800 K at all pressures and stoichiometric mix-
ture. The sensitivity analysis identified a set of
important reactions involving the H-atom abstrac-
tion from the ethanol molecule by the hydroper-
oxy radical (HOz), giving CH;CHOH, acetalde-
hyde and H3Os. The model predicts the global
trend with temperature and pressure as well as the
lower sensitivity of the ignition delay time with
pressure at higher pressures.

1. Introduction

There are several motivations to investigate
and learn about the combustion of ethanol.
In summary, there is a need of a) alternatives
to conventional hydrocarbon fuels, especially
from renewable sources, b) reduction of pol-
lutant and carbon emissions from energy and
power, and c¢) additives to control engine knock
(Curran et al. (1992)). These needs are grounded
on economic and environmental considerations.
In the last sixty years, several authors have
focused on ethanol oxidation. As results of
these efforts a limited quantity of experimental
and numerical investigations about ethanol
kinetics involving different experimental setup
and numerical models is available. From the

*Leonel R. Cancino, e-mail: leonel@labcet.ufsc.br

pioneering works, using a well-stirred reaction
vessel, Barnard and Hughes. (1960) showed that
the pyrolysis of ethanol at temperatures between
849 and 897 K can be described as a homogeneous
reaction of first order. Gulder. (1982) measured
laminar burning speed of ethanol-air in lean and
rich mixtures in a constant pressure bomb at
pressure of 1 bar and room temperature. More
recently, Borizov et al. (1991) used a reaction
vessel to experimentally analyze the pyrolysis of
ethanol at 1 bar and a temperature range of 700 -
1700 K. These results where later complemented
by detailed laminar flame and shock tube data.
Egolfopoulos et al. (1992) measured laminar
burning speed, ignition delay time and chemical
species in ethanol/(air/O3) mixtures by using
a shock tube, a counter-flow twin flame and a
flow reactor. Kohse-Hoéinghaus et al. (2007)
reported  chemical  species  measurements
and flame structure of ethanol/O2 mix-
tures at 298 K and low pressures (0.05 bar).
Natarajan and Bhaskaram (1981) reported igni-
tion delay time measurements in a shock tube
for pressures of 1.0 and 2.0 bar and high temper-
atures. Borizov et al. (1989) measured ignition
delay times in ethanol/Os mixtures by using the
shock tube at pressures between 0.5 and 6 bar.
Dunphy and Simmie (1991) measured ignition
delay times in a shock tube of ethanol/O; mix-
tures at high temperatures and pressures of 1.8 to
4.6 bar. Curran et al. (1992) measured ignition
delay times of ethanol/Os mixtures in a shock
tube at high temperatures and a pressure of 2.3
bar for lean and rich mixtures. Li et al. (2007)
report measurements of stable species in the
ethanol oxidation in a variable pressure flow reac-
tor. The measured species were CoH50H, H50,
CoHy, CHy, CH3CHO, CO and COa,, at pressure
range of 3 to 12 bar, initial temperatures from
800 to 950 K and equivalence ratio from 0.3 to
1.4. Recently, the available data was extended to
higher pressure. Cancino et al. (2007) reported
measurements of ignition delay times in a high
pressure shock tube from 690 to 1200 K and
pressure of 30 bar. To the author’s knowledge,
these are the highest pressures reported so
far for ethanol oxidation. Detailed chemical
kinetic mechanisms have also been developed
using these experimental results as guidance.
Natarajan and Bhaskaram (1981) reported a
detailed kinetic model for the high-temperature
oxidation of ethanol containing 56 elementary re-
actions, including the bimolecular decomposition
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reaction CoHsOH + M = CH,OH + CHjz + M,
in other words, proposing the C-C cleavage of
ethanol. Validation against experimental data of
ignition delay time in a shock tube at pressures of
1.0 and 2.0 bar and temperatures between 1300
and 1700 K resulted in good agreement with the
pressure dependence. Borizov et al. (1989) and
Borizov et al. (1992) reported another detailed
kinetic model for the high-temperature ignition of
ethanol involving 94 elementary reactions. This
kinetic mechanism was built starting from the
Natarajan and Bhaskaram (1981) model, adding
reactions that describe the pyrolysis of ethanol
and some reactions representing the thermal
oxidation by active radicals, not considered in
the Natarajan model. The model was validated
against experimental results of ignition delay
time in shock tubes for stoichiometric, lean
and rich compositions at pressure of 1 atm and
a good agreement was found. In the nineties,
Marinov (1999) developed a comprehensive model
composed by 383 elementary reactions among
57 chemical species for the high-temperature
ethanol oxidation. It included an accurate kinetic
data-set for ethanol oxidation, reaction routes
involving H-abstraction, C-C and C-O cleavage
were proposed and computational chemistry
methods were used in order to determine the
Arrhenius parameters. It was validated against
experimental results of ignition delay time in
shock tube, laminar flame speed in counterflow
twin flame and chemical species concentrations
in jet-stirred reactor. Good agreement was found
in general with all measurements. More recently,
Saxena and Williams (2007) reported a kinetic
model with 288 elementary reactions among
57 chemical species. This model is about 100
elementary reactions smaller than Marinov’s and
also predicts the nitrogen oxidation chemistry.
It was validated against experimental results
of ignition delay time in a shock tube at high
temperatures (1300 to 1700 K) and pressures of
1.0 and 2.0 bar for stoichiometric, lean and rich
ethanol/Og/Ar mixtures. The Saxena model was
also validated against laminar burning velocity
data from Egolfopoulos et al. (1992). Marinov’s
and Saxena and William’s models were also tested
by Li et al. (2007). They proposed an improved
detailed kinetic model for pyrolysis and oxidation
of ethanol based mostly on their previous work
(see references in Li et al. (2007)). Their model
consists of 39 chemical species and 238 reversible
elementary reactions and was developed in
a hierarchical manner. The final mechanism
was validated against the experimental re-
sults of shock tube from Curran et al. (1992)
and Natarajan and Bhaskaram (1981),
laminar  flame from  Gulder. (1982) and
Egolfopoulos et al. (1992) (from 300 to 450
K), and their own variable pressure flow
reactor (temperature from 800 to 950 K,
pressure from 3 to 12 bar and equivalence
ratio from 0.3 to 1.4). An agreement better
than previous models (Marinov (1999) and
Saxena and Williams (2007)) was obtained. The
comparison with shock tube ignition delay from 2
to 4.5 bar resulted in the same trend of reduction
of ignition delay time as presure increases. But,
there was a tendency of overpredicting the

ignition delay in the lower temperature range at
higher pressure. Numerical studies on ethanol
decomposition using computational chemistry
have also been reported. They have been useful
in completing the gaps on thermodynamic and
chemical kinetic parameters as well as in pointing
out important reactions and reactions with
a very high reaction barrier. Marinov (1999)
used RRKM theory to analyze the multichannel
decomposition of ethanol. In this study, he
determined the reaction rate parameters of
the thermal decomposition of ethanol at high
temperatures, involving new degradation routes
like H-abstraction. These new data permitted
to increase the accuracy of the kinetic modeling
resulting in a good comparison to a host of
experimental data.  Recently, Li et al. (2004)
found that Marinov’s model underestimates
the production rate of HoO and CoHy as well
as the overall ethanol consumption. He then
presented a new set of Arrhenius parameters
for the decomposition reactions; CoH50H +—
C2H4 + HQO and CQH5OH = CH3 + CHQOH
Finally, Lin et al. (2002), Lin et al. (2003) and
Lin et al. (2004) published the most recent
kinetic data obtained from computational chem-
istry for the thermal oxidation of ethanol. They
provided a new kinetic database allowing for ther-
mal decomposition of ethanol and ethanol-radical
reactions. High barrier reactions are detected
and critical reactions are identified.

This work has two objectives: (1) to report ex-
perimental results of shock tube experiments at
high pressures and intermediate temperatures for
ethanol, which have not been covered in the liter-
ature so far, and (2) to propose a detailed kinetic
model for the ethanol oxidation obtained by using
and improving available kinetic models.

2. Chemical reaction pathways for
thermal oxidation of ethanol

The oxidation of hydrocarbons proceeds either by
hydrogen atom abstraction or by cleavage of C-C
bonds at primary or secondary carbon atoms. In
the case of aliphatic alcohol hydrocarbons, the hy-
droxyl group plays a very important role for the
oxidation and as a third pathway the cleavage of
the C-O bond can occur. Any of the three paths
follows after a temperature activated perturbation
of the energy field of the molecule and proceed ei-
ther by intramolecular (isomerization), giving sev-
eral sub-structures, or as a result of collision with
active radical species. Several authors have qual-
itatively described the decomposition of ethanol.
Recently, Lin et al. (2002), Lin et al. (2003) and
Lin et al. (2004) reported 11 different routes for
ethanol decomposition involving reactive radical
species. Figure 1 summarizes these major routes.
Box I shows the decomposition routes involving
methyl giving methane and hydrogen atoms as a
product in three routes. Box II depicts H abstrac-
tion involving H atoms and producing molecular
hydrogen via three routes and additional other un-
stable species. Box III depicts the H abstraction
by a unimolecular self-cleavage process; all routes
giving acetaldehyde, molecular and atomic hydro-
gen. Box IV shows the decomposition process



27th International Symposium on Shock Waves - 19..24 July-2009, St. Petersburg

by unimolecular self-cleavage, involving the C-C
and C-O bonds and the products are formalde-
hyde, methane and other unstable species. One
can clearly see that the pyrolysis of ethanol pro-
ceeds by a chain-branching mechanism where free
radical species like methyl and H atoms produced
in boxes III and IV feed the active radical species
for pathways of boxes I and II. Kinetic models
of ignition of ethanol/Os, Borizov et al. (1992)
and ethanol/air, Cancino and Oliveira (2006),
Gardiner (2000) show that during the induction
period ethanol is consumed almost completely.
The depletion of the fuel is induced by oxidative
pyrolysis. Therefore, the ethanol oxidation model
capable of describing accumulation of the prod-
ucts during the induction period and the promoter
effect on the ignition process must be based on
an ethanol pyrolysis mechanism, such as the one
described above. Since the pathways depicted in
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CH,CHOH | CH,CH,0 CH,0H | CHLCHOCH,| Gy H,0 CH.CHOH| CH,CH0| CH,CHOH
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Figure 1. Ethanol decomposition pathways

Figure 1 proceed at different rates depending on
the range of temperature and pressure, a careful
analysis and comparison to critical experiments
may be able to reveal the most important routes at
different pressure and temperature regimes. Ex-
cluding a single result at 30 bar, the low temper-
ature data has been measured up to 4.5 bar and
high temperature data has been measured up to
12 bar. Using the available chemical mechanisms,
it has been observed that the predictions overesti-
mate the shock tube ignition delay data at higher
pressures. Therefore, questions remain whether
the patterns discussed above are still correct for
higher pressures and also how the rates of the dif-
ferent paths behave as pressure is increased. In
the following, new measurements of ignition de-
lay are presented and compared to an improved
detailed chemical kinetic model.

3. Experiments

3.1. Experimental set-up

The experiments were carried out in the high-
pressure shock tube at the University of Duisburg-
Essen. This facility, depicted in Figure 2, has an
internal diameter of 90 mm, divided by an alu-
minum diaphragm into a driver section of 6.1 m
and a driven section of 6.4 m in length. The
driven section is pumped down to pressures be-
low 10~2 mbar in between the experiments. Gas
mixtures were prepared by injecting liquid ethanol
into a stainless-steel mixing vessel and subse-

quent complete evaporation and mixing. The to-
tal amount of fuel and air was controlled mano-
metrically in order to ensure the desired equiva-
lence ratio. The shock tube was heated to 348
K . The shock speed was measured over two in-
tervals using three piezo-electric pressure gauges.
Pressure data were recorded with a time resolu-
tion of 0.1 ws. The temperature and pressure
behind the reflected shock wave were computed
from the measured incident shock speed and the
speed attenuation using a one-dimensional shock-
tube model (shock-tube code of the CHEMKIN
package Kee et al. (2000)). The estimated uncer-
tainty in reflected shock temperature is less than
25 K. The experiments were carried out with syn-
thetic air containing 79.5% Ny and 20.5% O,. The
ignition was observed by side-wall measurement of
pressure profiles with a piezo-electric gauge (PCB
HM 112 A03) located 15 mm upstream of the end
flange. Also, the CH* emission at 431.5 nm from a
side wall was selected by a narrow band pass filter
(5 nm HWHM) and detected with a photomulti-
plier. All ignition delay times shown in this work
were determined by extrapolating the steepest in-
crease of the CH* chemiluminescence emission sig-
nal to its zero level on the time axis. The driver
gas was mixed in-situ by using two high-pressure
mass-flow controllers (Bronkhorst Hi-Tec flow me-
ter F-136AI-FZD-55-V and F-123MI-FZD-55-V).
Helium was used as the main component and Ar-
gon was added to match the acoustic impedance of
the test gas. The required driver gas composition
was calculated by a spreadsheet analysis prior to
the experiments using equations by Oertel (1996)
and Palmer and Knox. (1961). Concentrations of
5 to 20% Ar in He were required to generate tai-
lored shock waves.

m Piezo pressure transducers ’—%
@ Test section

Aluminum diaphragm
Filt
e Photomultiplier kg

High pressure section

ssure /. .

T senal

Time / ms

Figure 2. Experimental setup of the high-pressure
shock tube facility

3.2. Measured ignition delay times

The ignition delay times evaluated from the CH*
emission are listed in Table 1 along with the re-
spective pressures p and temperatures T, for sto-
ichiometric ethanol-air mixture. At temperatures
lower than those shown in Table 1 no ignition
was observed within the test time of our exper-
iment (15 ms). Figure 3 shows the experimen-
tal results for ignition delay time as a function of
temperature (as an Arrhenius plot) for different
pressures and stoichiometric composition.  All
data was curve-fitted to an equation of the form
7T =Aexp( B/ T)p*, where z is the pres-
sure exponent. Multiple linear regression analyses
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Table 1. Measured ignition delay times in shock tube
for stoichiometric ethanol-air mixture

1) T5 [K]  ps [bar] 7 [us]
1.0 1223 10.5 70
1.0 1223 10.5 70
1.0 1190 10.0 140
1.0 1145 11.0 252
1.0 1096 9.0 409
1.0 1049 10.1 738
1.0 992 9.8 1171
1.0 954 10.3 1698
1.0 900 10.1 N-I
1.0 1197 30 25
1.0 1152 30 38
1.0 1138 32 75
1.0 1116 31 80
1.0 1045 30 267
1.0 999 30 547
1.0 949 30 1244
1.0 912 31 877
1.0 881 31 2788
1.0 848 30 2715
1.0 801 30 3755
1.0 789 29 N-I
1.0 1234 53 16
1.0 1168 52 30
1.0 1085 48 134
1.0 1065 52 156
1.0 999 50 511
1.0 937 48 1006
1.0 881 48 2095
1.0 841 49 3304
1.0 781 47 N-I
1.0 769 45 N-I
N-I - No ignition
10000
= 10 bar Exp
® 30 bar Exp o o ¢
50 bar Exp .

1000

100 4

Ignition delay time t© / us

10 o

7/ us =107 exp(+12400K / T)(p/ bar) ¥

T T T T T T T T T T
080 085 09 09 1.00 105 110 LI5 120 125

1000K/T

Figure 3. Experimental and curve fitted ignition delay
times for stoichiometric ethanol/air mixture

using In(7) as the dependent variable and (1/7)
and In(p) as independent variables identified an
expression of 7 = 10717 exp(+12400/T) p~283,
with T in K, p in bar and 7 in us, for the measured
range of temperature and for a stoichiometric mix-
ture. The curve fitting suggests an apparent ac-
tivation energy of 24.6 kcal/mol. The fitting is
shown in Figure 3. The measurements exhibit a

decrease in ignition delay time as the pressure in-
creases. There is also a smaller sensitivity to pres-
sure at higher pressures. The variation with tem-
perature at higher temperature tends to become
smaller but the data does not indicate the exis-
tence of a negative temperature coefficient (NTC)
region. These results are next used as a basis to
extend current detailed chemical kinetic models
for ethanol oxidation.

4. Detailed chemical kinetic model-
ing

4.1. Model development

In the present work, the Konnov (2000) and
Marinov (1999) detailed kinetic models were
taken and tailored to build up the proposed
model. Initially, the extensively tested kinetic
model for small hydrocarbons of Konnov was ex-
tended to the combustion of ethanol by adding
the reactions described by Marinov that were
missing in Konnov’s mechanism. Then, in or-
der to further improve the predictive capabil-
ity of the model, a comprehensive review of the
literature was performed and new kinetic data
was found in Li et al. (2004), Lin et al. (2002),
Lin et al. (2003) and Lin et al. (2004). They al-
lowed for an update of the values of the reac-
tion constants of several elementary reactions in-
volving ethanol. Some elementary reactions that
appeared neither in Konnov’s nor in Marinov’s
mechanisms were also added. The adaptation
process of the kinetic model was based on blend-
ing the different sub-mechanisms for ethanol and
other sub-structures from Marinov, Li and Lin et
al., that were not taken into account by Konnov,
calculating ignition delay times with the subse-
quently formed mechanisms and comparing the
results generated by the modified and base mech-
anisms. In summary, the model allows the spe-
cific reactions for ethanol decomposition of Figure
4. Lin et al. (2002) found that at pressures below

C2H50H — C2H4+H20 (1)  H+C2H,OH — CH3CHOH + H2 (12)
— CH3+CH20H 2) — C2H40H + H2 (13)
— CH3CHO +H2 3) — C2H50 +H2 (14)
— C2H30H +H2 “4) — C2H5+H20 (15)

— CH4+CH20 5)
— CH4+CHOH (6)
—CH3CH+H20 (7)

CH3+C2H50H —> CH4+CH3CHOH  (16)
—CH4+CH3CH20  (17)

— C2H5+OH (8) — CH4+CH2CH20H  (18)
— C2H50 +H ) — CH30H + CH3CH2 (19)
— CH3CHOH+H (10) — H+CH3CH20CH3  (20)
— C2H40H+H 1n

Figure 4. Specific reactions for ethanol decomposition

10 bar, the unimolecular decomposition of ethanol
occurs primarily by the dehydration reaction pro-
ducing CoHy + H5O, represented by reaction (1).
At high-pressure limit and over 1500 K the pro-
duction of CHz and CHyOH becomes dominant,
represented by reaction (2). The Hy-molecular
elimination process, represented by reactions (3)
and (4), is not important throughout the temper-
ature range investigated (700 - 2500 K). Concern-
ing the chain-propagation reactions by the H atom
reactions 12 to 15) the reaction of dehydration
15) has a high energy barrier and the possibility
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that the reaction (15) proceeds is very low. In this
group of reactions, reaction (14) represents about
10% of the total reaction rate in the temperature
range analyzed by Egolfopoulos et al. (1992). Re-
actions (12) and (13) remain, however, the most
important. In the CHs-radical chain-propagation
reactions, reactions (19) and (20) have higher en-
ergy barriers and their feasibility can be ruled out
kinetically. The other reactions forming methane
by H abstraction, reactions (16), (17) and (18),
remain important and, at higher temperatures
(T > ~1200 K), reaction (18) becomes dom-
inant. These oxidation routes lead ultimately
to the production of methane, formaldehyde and
other oxygenated hydrocarbons, as depicted in
Figure 1, whose kinetics are well treated in the
Konnov mechanism. In the proposed detailed
kinetic model the most important reactions for
the ethanol oxidation were selected and placed,
ruling out those reactions whose energy barri-
ers limitations were noted by the different au-
thors. The final proposed detailed kinetic model
is composed by 136 chemical species and 1136
elementary reactions. Table 2 shows the major
characteristics of the detailed kinetic mechanism
used in this work. The sensitivity analysis (dis-

Table 2. Characteristics of the detailed kinetic models

Kinetic model Konnov Marinov Proposed
in this work
Elements 5 4 5
Chemical Species 127 54 136
Elementary reactions 1200 390 1136
NOx chemistry Yes No Yes
Presurre Range [atm)] 0.9-75 1.0 - 4.5 0.9 - 50
Temperature Range [K] — > 1000 700 - 1200

cussed below) revealed that reaction CoHsOH +
HO; = SC3H50 + H505 has the largest sensi-
tivity on temperature, OH, HoO and CoH;OH
concentrations in the whole temperature inter-
val tested. To impove the predictive capability
of the kinetic model, the original Arrhenius pa-
rameters of this reaction in the Konnov mecha-
nism were altered. The total reaction rate con-
stant for this reaction in the proposed mecha-
nism was formed by the sum of three constants:
ko = 1.01 x 10™18 exp(+41351/RT), k, = 4.65 x
101297 —4L37 and k, = 2.45 x 10237497 A
similar expression for this rate constant was not
found in the literature and this is advanced here
as a way of better predicting the measurements
for higher pressure and lower temperature.

4.2. Results and comparison to measure-
ments

Figure 5 shows the comparison between the mea-
sured and the predicted ignition delay times.
The kinetic model is able to predict the general
trends with temperature and pressure, including
the smaller dependence with pressure for higher
pressures and a smaller dependence with temper-
ature for lower temperatures. At the pressure of
10 bar, the detailed kinetic model over predicts
the ignition delay time for higher temperature.

4.3. Sensitivity analysis

A first-order sensitivity analysis of the effect of
each reaction on temperature, OH, Hs0O5, and

10000

@«
=l
~ 1000

e

Q
£

%, ®  Exp 10 bar
= ® Exp 30 bar
'z Exp 50 bar
§ 1007 Num 10 bar
= Num 30 bar
o0 Num 50 bar

10 T T T T T T T T
080 085 090 095 100 1.05 110 LI5 120 125 130

1000K/T

Figure 5. Comparison between predicted and mea-
sured ignition delay times for ethanol/air stoichiomet-
ric mixture

CoH50OH concentrations was performed to find
out which reactions dominate the ethanol oxida-
tion at high pressures and also which reaction
coefficients need to be systematically improved.
For the analysis, we assumed that the combus-
tion process occurs in a perfectly stirred reactor
starting at time ¢ = 0 s and ending at ¢ = Ty,
The conditions of the reactor were set at stoi-
chiometric composition, pressures of 10, 30, and
50 bar and temperatures of 1100, 950, and 800
K. The sensitivity map was generated from the
output files from CHEMKIN and shows the more
sensitive reactions for the entire kinetic evolution
of the system. The sensitivity map shows that
reactions CoHsOH + HOy = SCoH50 + H04
(Rl), SCyH;0 + Oy = CH3CHO + HO» (R?),
CyH;0H + OH = SCyH;0 + Hy0O (R3) and
HO; + HO2 = Hy02 + Oy (R4) are the more
sensitive reactions at high pressures (10, 30, and
50 bar) and for intermediate and high tempera-
tures (800, 950, and 1100 K). It seems that at
high pressures the main ethanol oxidation path is
dominated by the H-atom abstraction by the hy-
droperoxy radical (HOz), producing CH3CHOH
(named SCoH50 in this work), one of the three
isomers of CoH50. This route corresponds to re-
action R1 above and is represented schematically
in the top part of Figure 6. This path leads to the
hydrogen peroxide sub-mechanism. In the bottom
part of Figure 6, is represented the H,-abstraction
path by collision with a third-body M. This path
results also in the production of CH3CHOH which
is then oxidized forming acetaldehyde, leading to
the acetaldehyde sub-mechanism, and HO5. This
corresponds to reaction R2 above. The hydroper-
oxy radical (HO3) feeds reaction R1 giving more
SCoH50, forming a cycle for the production of
SC3H50 and HO5 and depletion of ethanol. R3
becomes relevant when the pool of HO is formed.
The reaction proceeds and more SCoH5O are pro-
duced. With the increase of HO5 concentration,
reaction R4 becomes important.
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Hydrogen peroxide <= H,0, CH;CHOH
chemistry set
Hs - Abstraction |+Ho
C,H;OH |}~ 2
Hs - Abstraction » M
H CH;CHOH

¢+0Z

Acetaldehyde ¢——— oy oo« “\HO,

chemistry set

Figure 6. Main ethanol oxidation route at high pres-
sure

5. Conclusions

In this paper we proposed a detailed kinetic model
for the thermal oxidation of ethanol/air mix-
tures at higher pressures and intermediate and
high temperatures. The model results from a
combination and tailoring of the Konnov (2000)
and Marinov (1999) models. Initially, the ex-
tensively tested kinetic model for small hydro-
carbons of Konnov (suitable for hydrocarbons
with up to 3 carbon atoms) was extended to in-
clude the combustion of ethanol by adding the
reactions described by Marinov. Then, in or-
der to further improve the predictive capability
of the model, a comprehensive review of the liter-
ature was performed and new kinetic data was
added from Liet al. (2004), Lin et al. (2002),
Lin et al. (2003) and Lin et al. (2004). There
data enabled us to update the values of the re-
action rate constants of several elementary reac-
tions involving ethanol. Some elementary reac-
tions that appeared neither in Konnov’s nor in
Marinov’s mechanisms were also added. A first-
order sensitivity analysis revealed that reaction
CyH5;0H + HO5; = SCoH50 + H50O5 had the
largest sensitivity on temperature, OH, HyO5 and
CoH5OH concentrations in the whole tempera-
ture interval tested. Then, the rate constants
for this reaction were modified in order to better
predict the measurements for higher pressure and
lower temperatures. The final mechanism is com-
posed of 136 chemical species and contains 1136
elementary reactions. The model was then vali-
dated against experimental data of ignition delay
time from shock-tube measurements in the pres-
sure range of 10 < p < 50 bar and temperature
range of 750 < T < 1200 K. The detailed kinetic
model predicts the reduced pressure sensitivity of
the ignition delay time at higher pressures. Ad-
ditionally, it predicts the global trend with tem-
perature. No negative temperature coefficient re-
gion was detected in the temperature and pressure
range analyzed. From the detailed kinetic model-
ing, a possible main oxidation route for ethanol
oxidation at high pressures is suggested. This
route involves the H-atom abstraction from the
secondary carbon of the ethanol molecule by reac-
tion with hydroperoxy radical, giving CH3CHOH
and H2O2 as major products. It is recommended
a more complete comparison of predictions with
this reaction mechanism against previous mea-
surements and also a more thorough study of the
reactions pointed as the most sensitive, especialy
the reaction CoHsOH + HO, = SCyH50 + H05.
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Abstract. Ignition delay times were measured in shock-heated gases for a two-component gasoline surrogate
comprised of ethanol and iso-octane at a composition of 25% / 75% by liquid volume, with calculated RON/MON
numbers of 109/101. The experiments were carried out in stoichiometric mixtures in synthetic air (oxygen 21% -
nitrogen 79%) behind reflected shock waves in a high-pressure shock tube. The temperature ranged between 750 —
1200 K, at a pressure of 30 bar. Ignition delay time was determined from CH* chemiluminescence at 431.5 nm
measured at a side-wall location. An activation temperature of ~13,272 K was found for the experimental conditions of
the shock tube experiments. A detailed chemical kinetics model is proposed for ternary mixtures of gasoline surrogates
involving ethanol and primary reference fuels. The kinetics model was obtained by blending the available detailed
kinetics models. The qualitative behavior of the ethanol-isooctane mixture investigated in this work was well predicted
as well as the behavior of other ignition delay time measurements for pure fuels available in the literature.

Keywords: Gasoline surrogates, autoignition, shock tube, detailed kinetics model, ethanol.

1. INTRODUCTION

Presently, the combustion of practical fuels can only be investigated by experimental approaches. However, the
scientific community is moving towards more in-depth numerical approaches as computational resources, numerical
methods and chemical knowledge increases. As mentioned by Westbrook et al. (2005), computer modeling has grown
rapidly to play a major role in virtually every field of science and engineering. Today it is common to find numerical
models attempting to represent combustion process of single hydrocarbon fuels, and depending on the desired quality or
target of the results, using either global or detailed kinetics mechanisms. In this direction, many researchers have
devoted considerable time studding and proposing global and detailed kinetics models. For example, Griffiths (1995)
and Simmie (2003) present reviews for oxidation of pure hydrocarbons.

The number of chemical species that can be present in a real gasoline can be, however, at the order of hundreds,
involving saturated and unsaturated hydrocarbons including alkanes, cycloalkanes, alkenes, cycloalkenes, aromatic,
ethers and esters, components whose identity and amounts are often unknown (Metcalfe et al. (2007)). The modeling
for even a pure component requires reasonable computational resources. The well-known kinetics model for pure iso-
octane oxidation of Curran et al (2002) is composed by 857 chemical species allowing 3606 elementary reactions. To
think about a detailed kinetics model for a practical fuel involving hundreds of chemical species demands a dramatically
increase in the number of elementary reactions, making the problem intractable with current computational capabilities.

Being mindful of the dimension of the problem the scientific community uses a host of methods to have a reliable
approach of the problem. One of these is the modeling the combustion of surrogate mixtures.

A surrogate fuel consists of a small number of components that can be used to represent the practical fuel and still
predict characteristics of the real fuel. These desirable characteristics may include ignition behavior, burning velocity,
viscosity, vaporization, and emission such as carbon monoxide, hydrocarbons, soot and nitrogen oxides (Metcalfe et al.
(2007)). The development and modeling of fuel chemistry of gasoline surrogates started with Curran et al. (1998) and
Curran et al. (2002). They reported detailed chemical kinetics models of n-heptane and iso-octane covering the
parameters used to qualified fuel ignition the Research Octane Number (RON) and the Motor Octane Number (MON).
The RON and MON scales are both based on Primary Reference Fuels (PRF); n-heptane (RON = MON = 0) and iso-



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

octane (RON = MON = 100). Here, the use of surrogate fuels is an approach to make the development of chemical
kinetics mechanisms for practical fuels tractable. These kinetics models have been compared to, ignition delay time
measurements and other quantities.

Several experimental results of ignition delay time in shock tube have been reported involving PRFs and ethanol.
Davidson et al. (2002) reported shock-tube measurements of iso-octane/O, mixtures in a temperature range of 1177 to
2009 K, a pressure range of 1.18 to 8.17 bar and equivalence ratios form 0.25 to 2. Hydroxyl radical concentration time
histories were reported. Gauthier et al. (2004) reported ignition delay times for n-heptane/air at pressures between 15 —
60 bar, temperatures of 800 — 1350 K and stoichiometric mixture composition. Natarajan and Bhaskaran (1981)
reported ignition delay time measurements in a shock tube of mixtures of ethanol/O,, for pressures of 1.0 and 2.0 bar at
higher temperatures of 1300 — 1700 K and equivalence ratios of 0.5, 1.0 and 2.0. Dunphy and Simmie (1991) reported
ignition delay times of ethanol/O, mixtures at high temperatures (1080 — 1660 K), pressures between 1.8 — 4.6 bar and
equivalence ratios between 0.25 — 2.0. Cancino et al. (2009) reports measurements of ignition delay times measured in a
high-pressure shock tube for a temperature range of 690 — 1200 K at pressures of 10, 30 and 50 bar for stoichiometric
composition of ethanol/air mixtures. More information about experimental results involving ethanol in different
experimental results can be found in Cancino et al. (2008).

Concerning numerical studies of binary gasoline surrogate mixtures involving PRFs, Curran et al. (1998) proposed
the first detailed kinetics model for n-heptane and iso-octane blends at elevated pressures. This kinetics model was
validated against experimental results in a high-pressure flow reactor using both the pure components and their mixtures
in a temperature range of 550 — 850 K and at pressures of 12.5 bar. The Curran et al. (1998) PRF model was validated
against measured ignition delay times in shock tubes over the temperature range of 690 — 1220 K and at pressure of 40
bar, Good agreement was observed between experimental and simulation results for both pure PRF and their mixtures.
Concerning ethanol oxidation, Marinov (1999) proposed the often cited detailed kinetics model for high-temperature
ethanol oxidation validated against experimental results of ignition delay time in shock tube from Dunphy and Simmie
(1991) and Dunphy et al. (1991) for temperatures between 1300 — 1700 K, a pressure range of 1 — 3.4 bar and
equivalence ratios between 0.5 — 2.0. Afterwards, Cancino et al. (2009) upgraded Marinov’s ethanol kinetics and
proposed a detailed kinetics model for ethanol oxidation in air, at pressures of 10, 30 and 50 bar, and intermediate
temperatures of 690 — 1200 K in stoichiometric mixtures.

In this work we propose a detailed kinetics model for ternary mixtures of gasoline surrogates involving PRFs and
ethanol. Simultaneously, we report experimental data of ignition delay time of the binary mixture ethanol/iso-octane
(25%/75% by volume) at pressure of 30 bar and temperatures between 800 — 1217 K for stoichiometric composition.
Figure 1 shows the molecular structure of the three fuels ethanol, iso-octane and n-heptane molecules considered in the
detailed kinetics model proposed here.

Ethanol 2,2, 4-trimethyl-pentane n-heptane
(iso-octane)

Figure 1. Molecular structure of fuels considered in this work

The proposed gasoline surrogate model is composed by ethanol (oxygenate hydrocarbon), iso-octane (saturated iso-
paraffin), n-heptane (saturated n-paraffin).

2. EXPERIMENTS

The experiments were carried out in the high-pressure shock tube at the University of Duisburg-Essen, Germany.
This facility, depicted in Figure 2, has an internal diameter of 90 mm, divided by an aluminum diaphragm into a driver
section of 6.1 m and a driven section of 6.4 m in length. The driven section is pumped down to pressures below 10~
mbar in between the experiments. Gas mixtures were prepared by injecting liquid ethanol - iso-octane (25%/75%)
mixture into a stainless-steel mixing vessel and subsequent complete evaporation and mixing. The total amount of fuel
mixture and air was controlled manometrically in order to ensure the desired equivalence ratio. The shock speed was
measured over two intervals using three piezo-electric pressure gauges.

Pressure data were recorded with a time resolution of 0.1 ps. The temperature and pressure behind the reflected
shock wave were computed from the measured incident shock speed and the speed attenuation using a one-dimensional
shock-tube model (shock-tube code of the CHEMKIN package Kee et al. (2000)). The estimated uncertainty in
reflected shock temperature is less than £25 K. The experiments were carried out with synthetic air containing 79.5%
N, and 20.5% O,. The ignition was observed by measuring pressure profiles with a piezo-electric gauge (PCB HM 112
A03) located 15 mm upstream of the end flange. Also, the CH* emission at 431.5 nm was selected by a narrow band
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pass filter (5 nm HWHM) and detected with a photomultiplier. All ignition delay times shown in this work were
determined by extrapolating the steepest increase of the CH* chemiluminescence emission signal to its zero level on the
time axis as shown in Figure 2.

Piezo pressure transducers F%

@ Driven section Driver section j—%—

Aluminum diaphragm

Photomultiplier
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Mass Flow Controlers

cl—{ook

N

Pressure signal

", Ignition delay time © e

0/
W
Pressure / a. u.

N e/ UOISSIWE 4HD
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[ i 4
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Figure 2. Experimental setup of the high-pressure shock tube facility

The driver gas was mixed in-situ by using two high-pressure mass-flow controllers (Bronkhorst Hi-Tec flow meter
F-136AI-FZD-55-V and F-123MI-FZD-55-V). Helium was used as the main component and Argon was added to match
the acoustic impedance of the test gas. The required driver gas composition was calculated by a spreadsheet analysis
prior to the experiments using equations by Oertel (1966) and Palmer and Knox (1961). Concentrations of 5 to 20% Ar
in He were required to generate tailored shock waves.

2.1. Measured ignition delay times
The ignition delay times evaluated from the CH* emission, are listed in Table 1 along with the respective

temperatures T and pressures p, for stoichiometric ethanol - iso-octane (25%/75%) / air mixture. At temperatures lower
than those shown in Table 1 no ignition was observed within the test time of our experiment (15 ms).

Table 1. Measured ignition delay time in shock tube, stoichiometric ethanol 25% - iso-octane 75% mixtures in

alr
@ T; Ps Ting
[K] [ bar | [ps]

1.0 1217 30.9 35
1.0 1215 30.8 34
1.0 1169 29.2 58
1.0 1164 30.7 74
1.0 1132 31.9 78
1.0 1059 30.6 404
1.0 1004 30.3 791
1.0 967 31.2 683
1.0 909 30.7 2039
1.0 862 31.1 2097
1.0 809 30.7 N-I

N-I No Ignition

Figure 3 shows the measured ignition delay time for the mixture ethanol / iso-octane (25%/75%) / air mixtures. A
regression analysis taking In(t) as dependent variable and 1000/75 as independent variable was performed obtaining a
apparent activation temperature of ~13,273 K
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Figure 3. Ignition delay time for mixture ethanol/isooctane (25%/75% by liquid volume) / air.

3. DETAILED KINETICS MODELING

3.1. Blending process

The strategy to tailor the detailed kinetics model requires a sequence of steps that are outlined here:

1.

W

Analyze and potentially adjust the kinetics information of both mechanisms for their use in CHEMKIN.

Check the species names in both mechanisms and remove duplicate reactions from the second (minor)
mechanism.

Add the missing reactions into the main mechanism.

Check the thermodynamic data base of the major mechanism and upgrade it with data for the missing species.
Test the blended kinetics model with the CHEMKIN interpreter and validate it against measured ignition delay
times to make sure that the added reactions for an additional fuel component does not change the behavior of
the mechanism in case this component is not present.

Optimize the blended kinetics mechanism: Determine the rate-determining route for autoignition via a
sensitivity analysis and figure out whether the major reactions have reliable (directly measured) kinetics data.

The blending procedure is time consuming. When two chemical species have the same empirical formula, it is
necessary to check their thermodynamic databases by comparing the enthalpy 4, heat capacity c,, and entropy s at
several temperatures. If their thermodynamic properties return the same (or similar) values, then both chemical species
are identical despite different names or abbreviations used in the original kinetics models. Productivity increases with
the use of computational tools. The programs of Rolland and Simmie (2004) were used to compare the kinetics
mechanisms and thermodynamic databases.

3.2. Proposed detailed kinetics model for ethanol-PRF blends

A detailed kinetics model for ternary gasoline surrogates involving ethanol, iso-octane and n-heptane is proposed
here. The chemical species were selected based on the availability of detailed chemistry in the literature. The starting
point was the PRF model of Curran et al. (1998). The chemical kinetics of ethanol oxidation was taken from Cancino et
al (2009), which is an upgraded chemistry of ethanol based on Marinov (1999) and Konnov (2000) kinetics
mechanisms. Table 2 shows the origin of the sub-mechanisms.
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Table 2. Fuels and base mechanisms considered in this work.

Ethanol and small n-heptane iso-octane or 2,2,4-
hydocarbons P trimethyl-pentane
Chemical formula C,H;0H, C -C; nC,H, iCyH g
Number of 136 1034
species
Number of
elementary 1136 1236
reactions
0.9 - 50 bar 40 bar
Validated range 700 - 1200 K 690 - 1220 K
Dd=1.0 D =1.0
References Cancino et al. (2009) Curran et al. (1998)

4. NUMERICAL SIMULATIONS

The average computational time for each simulation was about ~ 25 minutes, by using a computer Intel Pentium
Core Duo Processor, 1.66 GHz with 2.0 GB of RAM. A total of 80 simulations were performed in this work. A
FORTRAN source code for the data post-processing of the CHEMKIN output files.

4.1. Results for pure ethanol
Figure 4 shows the numerical predictions of ignition delay time for ethanol-air mixtures at stoichiometric

composition, at pressures of 10, 30 and 50 bar for both the Curran PRF model and the proposed detailed kinetics model
of this work. These numerical results are compared to experimental conditions from Cancino et al. (2009).

10000 5
1 Ethanol-air
lo=1.0

1000 o

®  Exp 10 bar - Cancino et al. (2009)
® Exp 30 bar - Cancino et al. (2009)
Exp 50 bar - Cancino et al. (2009)
-+ Num 10 bar - Curran PRF Model
- Num 30 bar - Curran PRF Model
Num 50 bar - Curran PRF Model
—— Num 10 bar - This work
Num 30 bar - This work
Num 50 bar - This work
=1
0.80 085 090 095 1.00 1.05 1.10 115 120 125 1.30

1000K/T

i1gnition delay time t / ps

Figure 4. Experimental results from Cancino et al (2009) and numerical predictions of both, the Curran PRF
model and of the blended proposed model in this work.

The Curran PRF model was developed specifically for iso-octane and n-heptane fuels and it was expected that the
PRF model would fail in the predictions of ignition delay times for ethanol-air mixtures, especially at temperatures
below 1000 K. However, the PRF model is sensitive to the pressure dependence of the ignition delay time, as observed
in experiments. After adding the ethanol chemistry from recent studies from Cancino et al. (2009) the resulting kinetics
model is able to reproduce ignition delay times for ethanol-air mixtures.
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4.2. Results for pure iso-octane

Figure 5 shows the numerical predictions of both, the Curran PRF model and the proposed detailed kinetics model
for iso-octane / air mixtures at pressures of 16.8 and 49.4 bar, temperatures between 950 — 1200 K and stoichiometric
composition. The experimental data was obtained from Davidson et al. (2005).

10000 o
1 Iso-octane - Air
1 ®=1.0

1000 o

m  Exp 16.8 bar - Davidson et al (2005)
® Exp 49.4 bar - Davidson et al (2005)
-~ Num 16.8 bar - Curran PRF Model
- Num 49.4 bar - Curran PRF Model
Num 16.8 bar - This work
—— Num 49.4 bar - This work

100

Ignition delay time T / ps

——
0.80 0.85 0.90 0.95 1.00 1.05 110
1000K/T

Figure 5. Experimental results from Davidson et al (2005) and numerical predictions of both, the Curran PRF
model and of the blended proposed model in this work.

Figure 5 shows that the Curran PRF model overestimates the experimental results, and the discrepancy is more
evident at pressures of 16.8 bar. The proposed model slightly underestimates the experimental results at higher
temperatures. However, the proposed model captures the general trends of the experiments.

4.3. Results for the gasoline surrogate ethanol / iso-octane (25% / 75%)

Figure 6 shows the numerical and experimental results for the binary mixture investigated in this study.

10000
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]®=10, p ,=30bar
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72}
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™ 1000 o
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£
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5 ]00—:
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=)
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- Num - Curran PRF Model
—— Num - this work
1 —
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20

1000K/T

Figure 6. Numerical and experimental results of ignition delay time for ethanol - iso-octane (25%/75%) in air.

The PRF model overestimates the values of ignition delay time in the temperature range of this study. Adding the
upgraded ethanol chemistry, the performance of the resulting detailed kinetics model improves. The proposed model
underestimates the values of ignition delay time for temperatures about ~1050 K. However, the model captures the
general trends of the experiments.
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5. CONCLUSIONS

Ignition delay times were measured in a shock tube for a binary mixture comprised of ethanol and iso-octane at a
composition of 25% / 75% by liquid volume, with calculated RON/MON numbers of 109/101. The experiments were
carried out for stoichiometric mixtures in air behind reflected shock waves in a high-pressure shock tube. Initial
reflected shock conditions were varied with the temperature range of 750 — 1200 K at a pressure of 30 bar. An
activation temperature obtained by data post-processing of experimental results was found to be ~13,273 K for the
investigated conditions at stoichiometric mixture composition. A detailed kinetics model is proposed and validated
against our experimental results, and against experimental results of ignition delay times in shock tube for the pure fuels
available at literature. The numerical results of ignition delay time of the proposed kinetics model shows good
agreement to the experimental data of ethanol and iso-octane available in the literature.

For iso-octane/air mixtures, the Curran PRF model overestimates the experimental results, and the discrepancy is
more evident at pressures of 16.8 bar. The proposed model underestimates the experimental results. However, the
proposed model captures the general trend of the experiments.

For the binary mixture analyzed in this work, the PRF model overestimates the values of ignition delay time in the
temperature range of this study. Adding the upgraded ethanol chemistry, the performance of the resulting detailed
kinetics model improves. The proposed model underestimates the values of ignition delay time for temperatures about
~1050 K.
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