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amount of substance

rate coefficient of chemical reaction
pre-exponential factor

frecuency factor (pre-exponential factor)
temperature exponent

gases constant

activation energy

species mass fraction

molar mass

wall temperature

volume
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specific enthalpy of convection
specific heat at constant volume
molar mass

gas velocity component

diffusion flux

production rate of species i

heat capacity at constant pressure
specific enthalpy of species i

total number of species
temperature of the surroundings
radiation factor

Gibbs free energy

enthalpy

entropy

temperature

internal energy

P maximun pressure cocentration
ACO, maximun CO9 concentration
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Greek Symbols

emissivity factor

reaction rate (also known as R, r and w;)
rate of conversion

density

Stefan-Boltzmann constant
residence time

number of moles

fuel equivalence ratio
thermal conductivity
Planck’s constant

Stefan Boltzmann constant
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Chapter 1

Introduction

About 84% of the world’s energy comes from the combustion of fossil fuels.
The energy is needed for industrial processes, heating in buildings, electricity
generation and transportation (sea, land, air) [1]. If we take into account the
growth of the population and their energetic needs, time and effort is required
to generate a real change in the energy sources (renewable energy supply based
on wind, water and sun) as it is discussed in Kohse-Hoinghaus (2018) [2]. As
a result, Global CO9 emissions have increased from 23 Gt in 1996 to 36 Gt in
2016 [3]. CO9 emissions represent approximately 75% of the total greenhouse
gas emissions which are responsible for global warming which cause the interest
of the society and governments in the development of regulations to control.
Combustion processes and fuels are responsible for the chemical composition of
the emissions. Fuel properties together with combustion conditions determine
the composition of the exhaust stream and the GHG concentration. There are
other molecules that also contribute to the GHG emissions such as: Methane
(CHy), NOx, formaldehyde CH9O among others. New limits for these two pol-
lutants have been proposed by CLOVE for Euro 7 [4].

The oxidation of fuel molecules can be described by using a reaction mechanism,
a model that combines thermodynamic and transport properties with reaction
rates to predict the behavior and sub-products at different temperatures, pres-
sures and equivalence ratios. A detailed reaction mechanism helps to understand
the fuel-specific pollutant formation process [2]. The aim of this doctoral thesis
is to generate a hierarchically-detailed chemical reaction mechanism from Cg to
Cg hydrocarbons that can be used to understand the reaction decomposition
pathways for different fuels at high temperature, e.g. propene, propane, butane
isomers, butene isomers and pentene isomers. The compilation strategy was
used and it aims to continuously increase the number and type of targets for
mechanism validation.

A big challenge at the moment of the development of a kinetic model is the
nomenclature that is used to name species that will conform the reactions.
Each group that makes kinetics has started the development of their models
and over time new experiments have emerged for fuels that had not been mea-
sured before. As a consequence, the models must be expanded and there is
no convention having a chemical basis. Another limitation is the fact that this



model will be read in a program where a maximum number of characters is
required. As part of this thesis, a nomenclature based in the IUPAC rules, has
been developed and implemented. The naming follows the order of priority for
choosing a principal characteristic group. These naming rules and some exam-
ples are explained here and are also published in the work of Leon et al. [5]. I
wish people from scientific community feel identified in how important is to have
a nomenclature that can be interpreted while reading the name. This species
naming can be also useful for scientists who calculates the thermodynamic data
making the implementation to our work more friendly. This nomenclature is
not a finished product but the first step for its development, I invite you all to
test it and expand their application.

Regarding the reaction mechanism developed in this doctor thesis, it is moti-
vated and based in the work of Hoyermann et al. [6] where the chemical coupling
among Cy—Cj species was validated on acetylene and propene burner stabi-
lized flame experiments. Laminar flame velocities and ignition delay times for
a numerous number of C—C, fuels were also well predicted. The model was
extended, to include the high temperature oxidation of n-butane (C4H;() and
iso-butane (C4H10-Me2) in Oftwald et al. (2011) [7]. The high-temperature
oxidation of C4 hydrocarbon species (but-17-ene (C4H8-D1), (Z)-but-2-ene (T-
C4H8-D2) and iso-butene (C4H8-D1Me2) was included in the mechanism and
presented by Schenk et al. (2013) [8]. In this work, it was noted that Cs-
species are sensitive towards their thermodynamic data. Therefore, propane
and propene chemistry were investigated in cooperation with Elke Goos and
thermodynamic data for sensitive species were verified.

In chapter 3, sensitivity analysis for propane and propene ignition delay times on
heat of formation (AjH3g) were performed to find the most sensitive species.
The species that showed the highest sensitivity are propene (C3H6-D1), allyl
(C3H5-R1D2), propargyl (C3H3-R1T2), and ethyl radical (C2H5-R1). Their
thermodynamic data were scientifically verified and adjusted by Goos. Using
this new data, an improvement in the calculated ignition delay times for propane
and propene are observed. The results of the sensitivity analysis together with
ignition delay times show that a small change on the thermodynamic data of
a key specie involved during fuel decomposition can have a big impact on the
calculation target. This was observed by comparing ignition delay times and
flow analysis calculations before and after the implementation of the verified
thermodynamic data. The flow analysis show that mayor and minor consump-
tion pathways for the fuel decomposition changed after implementation of the
new polynomials. Reaction rates sensitivity analysis were performed before and
after the thermodynamic data correction observing that the sensitivity of the
reactions was also changing. The investigation also included the validation for
laminar flame speed and burner stabilized flame experiments using both data
set. Thermodynamic data changes show no big impact for laminar flame speed.
In the case of burner stabilized flame experiments, a high sensitivity for species
profiles was found after using the verified data. To conclude, the enthalpy sen-
sitivity analysis tool has a big potential to improve kinetics models and help to
have a better understanding of the decomposition pathways of the fuels when
the thermodynamic data of the key radicals involved in the fuel decomposition
can be determined using a refined calculation method e.g:benchmarked G3B3



method and further improved.

Revised thermochemical data from chapter 3 are used in chapter 4, chapter 5
and chapter 6. In chapter 4, most C, species were updated, using the thermo-
chemical data of the database by Goos and Burcat (Goos et al. [9]). Burner
stabilized flames presented in the work of Ofiwald et al. (2011) [7] were re-
calculated and analyzed. Auto-ignition experiments and laminar flame speed
for each butane isomer and their mixtures (n-butane (C4H10) and iso-butane
(C4H10-Me2)) as fuel were calculated. A very good agreement between model
and experiments is shown.

The chemistry of the butene (C4Hg) isomers have been revised in chapter 5. A
correction taking into account the H — atom allyl abstraction is implemented
following the recommendation from Nawdiyal 2018 [10]. Experiments of burner
stabilized flame performed in the work of Schenk et al. 2013 [8] were recalculated
using updated thermodynamic data and rates. Prediction of the stable and in-
termediate species are within the error measurements and it was discussed that
the mechanism could not represent successfully the Cy chemistry. Flow anal-
ysis are performed and show decomposition pathways for branched and linear
species. The chapter includes validation of laminar flame speeds and ignition
delay times for the different isomers.

Chapter 6 is an extended version from the reaction mechanism development
of the work presented in the publication of Leon et al. 2019 [5] where a new
experiment for a burner stabilized flame for n-Pentane (C5H12) was compared
with a burner stabilized 2-Methyl-2-butene (C5H10-D2Me2) measured in the
publication of Ruwe et al. [11]. 2-Methyl-2-butene (C5H10-D2Me2) is the most
interesting Cy isomer because 9 of its 10 C' — H atoms are in allylic position
which makes this fuel having a higher sooting tendency. This work was in coop-
eration with Prof. Kohse-H6inghaus, Lena ruwe, Nils Hansen, Kai Moshammer,
Krishna Shrestha and Lars Seidel.

From my side, the high-temperature chemistry for branched and linear C5Hy(
species (2-Methyl-1-butene (C5H10-D1Me2), 2-Methyl-2-butene (C5H10-D2Me2),
3-Methyl-1-butene (C5H10-D1Me3), n-Pentene (C5H10-D1), and cis-2-Pentene
(C5H10-D2)) is implemented in the model. N-Pentane (C5H12) chemistry was
revised and updated. Thermodynamic data for newly introduced species and
their Cy degradation products were updated using the database of Goos et al.
2013 [9] and Gao et al. [12].

After the reactions in the mechanism were updated, discrepancies between ex-
perimental and modeling results for several key species were still observed. For
example, only 1,3-butadiene (C4H6-D1D3) was detected experimentally. The
work from Ruwe et al. [13] states that a fast isomerization from C4H6-D1-D2
to C4H6-D1D3 may occur. Model prediction shows similar concentrations of
1,3-butadiene (C4H6-D1D3) and 1,2-butadiene (C4H6-D1-D2). Based on these
observations, the sub-mechanism for C4Hg isomers was revised. Due to the big
uncertainty arising from using thermodynamic data from different sources (dif-
ferent calculation methods), a new set of thermodata using the program MOPAC
2016 [14] were calculated and implemented for all the related C5 species. The



change of the thermodata resulted in a change of the fuel decomposition flow.
The validation of ignition delay time, and laminar flame speed experiments for
these fuels are also presented and discussed.



Chapter 2

Theoretical part

This chapter will lay out the theoretical background required to understand the
different steps to develop and validate the detailed chemical reaction mechanism
presented presented in this doctoral thesis.

2.1 Chemical kinetics

2.1.1 Rate law and reaction order

Chemical reactions take place at a certain rate and depend on the system’s con-
ditions. The significant conditions are concentration of reactants, temperature,
radiation effects and the presence of catalysts or inhibitors. It is possible that
the reaction rate is expressed in terms of either the concentration of any of the
reacting substances or the concentration of any of the products. The rate can
be indicated as the decrease of concentration of the reactant or as the rate of
increase of concentration of a product [15].

A chemical reaction can be described by:

aA +bB+cC+ ... 5pP +qQ +1R. .. (2.1)

where: A, B, C,... represent different species involved in the reaction; a, b, c,...
represent the reaction order with respect to A, B, and C species and k is the
rate coefficient of the reaction. A rate law defines an experimental conception
of the reaction rate, i.e: the rate of formation or consumption of species A as it
can be observed in the expression 2.2 [16].

d[A]
dt
Some species may be present in the reaction in excessive amounts. E.g. if the
concentration of B and C, [B] and [C], do not change significantly, a typical rate
coefficient can be set up from the concentration, kexp = —k-[B]"[C]°. Thus,

= —k. [A]*[B]°[C]°. .. (2.2)

simplifying eq. 2.2 to

= = k. (AP (2:3)



In— 1st order reaction —_— 2nd order reaction

Figure 2.1: Time behavior of the concentrations for first- and second-order reactions

[16]

By integrating the differential equation 2.3, the change in [A] can be calcu-
lated over time. Assuming a positive integer reaction order, [A]y as the initial
concentration of A and [A]; as the concentration of A at time ¢ [16].

(a) First-order reaction (a=1)

ln%AigkeXp(tto) (2.4)

(b) Second-order reaction (a=2)

1 1
mf Ay = kexp(t—tg) (2.5)
(¢) Third-order reaction (a=3)
1 1
W_W = 2kgyp, (t=tp) (2.6)

The reaction order a can only be solved empirically since it is based upon
experiments. An example of species concentration time behavior for first- and
second-order reactions is shown in Figure 2.1. In these cases, the larger the
gradient, the higher the rate.

2.1.2 Relation of forward and reverse reactions

Looking at the reverse reaction of 2.1, the rate law for the production of A is:

d[A]
dt
On a microscopic level at chemical equilibrium, forward and backward reactions
may have the same rate, whereas at a macroscopic level no net reaction is

observed [16]. In such cases, k¥ - [A]*[B]P[C]°. .. =k - [D]Y[E]°[F]. .. or

= —k@. [PPP[QI[R]". .. (2.7)

PPQAR]... kP

[AFBPC... kO (28)



The left side corresponds to the equilibrium constant of the reaction, which can
be calculated from thermodynamic data, leading to the expression eq.2.8:

kO

k, = ok exp( — AR A°RT) (2.9)
A similar expression to eq. 2.8 can be derived as a function of pressure:
Kk 0
kp = o) = exp( — ARG RT) (2.10)

2.1.3 Elementary reactions, molecularity of a reaction

Considering a chemical reaction (balanced or global reaction),

CHy +2Cl= Cg) +4HCL,

The left side shows a picture of the system before the reaction occurs, while the
right side is a picture of the final system. These two conditions do not provide
information on what happens in between. Information regarding the process of
the reaction itself, between the before and after states, is, however, necessary for
engineering and optimization. This involves knowing the details of more than
just the one global reaction.

Additionally, global reactions may have complicated rate laws: the reaction
orders a, b, c,... need not be integers, may even be negative and depend on time
and reaction conditions. Extrapolations to conditions where no experiments
exist are not reliable and are the consequence of a large number of elementary
reactions. Elementary reactions have a constant reaction order and can be easily
determined considering the molecularity of the reaction (number of species that
form the reaction complex). Three possible values of the reaction molecularity
are observed:

(a) Unimolecular reaction: describes the rearrangement or dissociation of
a molecule and has first-order behavior.

A — products (2.11)

If the initial concentration is doubled, the reaction rate is also doubled.

yiee
_17)

First-order reactions lose importance with increasing pressure. ([A]=35

(b) Bimolecular reaction: it is the most common reaction type and des-

cribes the rearrangement of two molecules

A + B — products (2.12)

or
A + A — products

It has a second-order rate; doubling the concentration of each reaction
partner quadruples the reaction rate.



(c) Trimolecular reactions: they are usually recombination reactions.

A + B+ C — products (2.13)
or

A + A + B — products
or

A+ A+ A — products
They obey a third-order rate law. The molecularity equals the order for

elementary reactions.

The generalized equation of an elementary reaction r is given by:

S
ZV;SAS LN ZV;/SAS (2.14)

s=1 s=1

where v, and v, are stoichiometric coefficients of reactants and products re-
spectively; As denotes the different species involved in the reaction r, and k,
is the specific reaction rate coefficient. Also, the rate law for the formation of
species ¢ in reaction r is:

S
86‘ " / !
< atl) —k, (u”. - u) I (2.15)
chem,r s=1
where: 1/;1- and v,

- are stoichiometric coefficients of reactants and products re-
spectively; ¢; is the concentration of the species ¢, and ¢, is the concentration
of the s different species S.

Rate laws can always be specified for elementary reaction mechanisms. For an
elementary mechanism composed of R reactions and S species, it is given by:

S S
ZV;.SAS LN Z V;./SAS r=1,..R (2.16)
s=1 s=1

The rate of formation of a species i is given by the summation over the rate
equation 2.15 of all elementary reactions [16]:

(601) = Z k. (V,l.,' — 1/,.4> ﬁ cs (2-17)
Ot ) chem " "

r=1 s=1

2.1.4 Temperature dependence of rate coefficients.

The rate coefficients of chemical reactions depend strongly in a non-linear way on
the temperature. According to Arrhenius (1889), the temperature dependence
can be described by the formula (eq. 2.18) [16]:

Y —FEaq
kE=A"-exp < T (2.18)




Further studies showed that the temperature dependence of the pre-exponential
factor, also called factor A’, is normally small if compared to the exponential
dependence. This can be observed in eq. 2.19:

-E
k= AT" - exp ( RT“) (2.19)

where A (mol, cm, second) is called the pre-exponential factor or frequency fac-
tor, b (-) is the temperature exponent, R (kJ/mol) is the universal gas constant,
T is the temperature and FE, is the activation energy. The activation energy E,
matches an energy barrier that is overcome during the reaction (see fig 2.2). The
binding energy in the molecule represents the maximum value for this barrier .

Potential energy

Upmduas

Reaction
coordinate

Figure 2.2: Energy diagram for a chemical reaction. The reaction coordinate is the
path of minimum potential energy from reactants to products with respect
to changing inter-atomic distance [17]

In dissociation reactions, the activation energy is approximately equal to the
binding energy. It can also be lower or even zero, if new bonds are formed
simultaneously with the breaking of an old bond [16].

In Figure 2.3, the logarithms of the rate coefficients versus the reciprocal tem-
perature are plotted. A linear dependence is obtained from equation 2.19
log(k) = log(A) — const/T; the temperature dependence of the pre-exponential
factor A - T? can be neglected due to experimental uncertainty. Due to very
high temperatures, the exponential term approaches 1 and the rate coefficient
is dominated by the pre-exponential factor A’ or A - T [16].

Meaning of pre-exponential factor A for uni-, bi-, and trimolecular
reactions.

In Unimolecular reactions it corresponds to the mean lifespan of an activated
(Reactive) molecule. In dissociation reactions, this lifespan is determined by
the frequency of the vibration of the bond that breaks.

4[]



log (k / cm3- mol'- 1)

14 | F+H, —» HF+H
e R
2l \
*\CI‘*HZ — HCl+H
1-___\
10 .
~—
8
6 r .
4 | Y Br+Hy — HBr+H
\
2 o
\I+H2~) HI + H
1000 K
0 I 1 l é ’ I‘i 4 T

Figure 2.3: Arrhenius plot k=k(T) for reactions of halogen atoms with Ha [17]

In Bimolecular reactions it corresponds to a product of the collision rate and
the probability of reaction. This collisison rate is an upper limit for the reaction

rate
4 {cm?s]
mol
In Trimolecular reactions, a third collision partner M, i. e: HoO, CO2, C'Hy,

H,, CO, has to remove the energy from the reaction. In detail, a three-body
reaction is two bimolecular reactions in rapid succession. [16].

cmG.sT

mol?

2.1.5 Pressure dependence of rate coefficients

The pressure dependence of rate coefficients can be explained using the Linde-
mann model (1922) [18]. Consistent with this, a unimolecular decomposition
is only possible if the energy of the molecule is sufficient to break the bond.
Before any decomposition reaction, energy is added to the molecule by collision
with other molecules M. After this, the exited molecule may decompose into the
products or become deactivated through a collision [16]:

K

A+M—25 A"+ M (activation)
k_

A+ M —HA+M (deactivation)

k
A* - P(products) (unimolecular reaction)

Te rate equations for this case are:

d[P]
At

= k] and g - kA - kAT @20

10



Assuming that the concentration of the reactive intermediate A* is in a quasi-
steady state
d[A*]
dt
the concentration of the activated species [A*] and the formation of the products
P result as follows:

~0, (2.21)

ka[A][M]

[A] = WM+ R

(2.22)

and
d[P]  kukl[A)[M]

At k_o[M]+k,

The tendency in different extreme conditions such as low and high pressures can
be observed.

e Low pressure limit: it assumes k_,[M] << k,, with the collision partners
M being very small, obtaining an apparent second-order rate law

W) kg = o - 10 (2.23)

where kg is the low-pressure rate coefficient. The reaction rate is propor-
tional to the concentrations of species A and the collision partner M, since
activation is slow at low pressures [16].

e High pressure limit: it assumes k_,[M] >> k,. The collision partner M
has a high concentration, obtaining an apparent first-order rate law

d[P]  kuk,

At k_,

[A] = koo - [A] (2.24)

where k., is a high pressure rate coefficient. In this case the reaction
rate does not depend on the concentration of the collision partners. The
decomposition of the activated molecule [A*] is rate-limiting step instead
of the activation [16].

Figure 2.4 shows the dependence of the reaction rate for different pressures.
Due to the fact that many experiments on combustion are performed under low
or elevated pressures, it is very important to describe correctly the pressure-
dependence of reactions. The most commonly used formalism is the TROE
approach, where ten parameters are used to determine a rate coefficient at spe-
cific temperature and pressure [16].

In table 2.1, the first line contains the reaction equation and high-pressure pa-
rameters; the second line, the low-pressure modified parameters and the third
line contains four parameters a, T**, T* and T™* that are used to determine
the F-center value, describing the center of the falloff range [16].

=T =T =T
Feent = a - exp (T* ) + exp ( T > + (1 - 0,) - exXp <T***> (225)
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Figure 2.4: Falloff curves for the unimolecular reaction CoH gz — CHg+ CHg [16]

Reaction A [cm, mol,s] b E, [kJmol 1]
OHTOHM(1)=H202 + M(1) L57E+13 0.00  0.00
LOW  5.98E+19 -0.80  0.00
TROE 0.50 0.0 0.0 0.0

Table 2.1: Ezample of Arrhenius parameters for pressure-dependent reactions [16]

This is used to calculate the value F using equation 2.26:

-1

log P, + ¢ 2
log F = 10g Frons 4 1 2.26
og og t{ +[n—d~(logPT+c)} } (2.26)

where ¢ = —0.4 — 0.671og Fient, n = 0.75 — 1.271og Fcent, d = 0.14 and P, =
ko - [M] /koo, which together can be solved to obtain the following expression:

P,
koo~<1+PT>«F. (2.27)

2.2 Thermochemistry

Thermodynamic temperature-dependent functions of enthalpy, entropy, Gibbs
free energy and heat capacities are obtained from reliable molecular and spectro-
scopic properties through the calculation of partition functions with statistical
methods as proposed by Goos and Burcat 2010 [19]. The resulting thermochem-
ical data are fitted into the well-known NASA polynomial format [16] for easy
use in modeling software. Coefficients of the NASA polynomials are available in
Goos, Burcat, Ruscic’s “Extended Third Millennium Thermodynamic Database
for Combustion and Air-Pollution Use with updates from Active Thermochem-
ical Tables” (Goos et al. 2013 [9]).

The NASA polynomials have the form

12



de/R =ay + asT + asT? + asT> + asT* (2.28)

HYT)/R = ag + a,T + %TQ + %TS + %T‘* + %T5 (2.29)
a0 _ a3 2 | Q403 | 45y
S7(T)/R = a7 + ayInT + axT + ?T + ?T + ZT (2.30)

The molar heat capacities are expressed as five-term polynomials of fourth order
in T. The enthalpy at any temperature T follows from integration of the heat
capacity. The entropy at any temperature 7T follows from integration of the
heat capacity divided by temperature T'. Usually two different polynomials are
used for high (First seven coefficients) and low temperature (second set of seven
coefficients) separated by a switch temperature, normally 7' = 1000K. The first
row has specific information, such as: species symbol, date of generation, state,
lowest and highest temperature of validity.

2.3 Reaction mechanism

Theorethical, numerical, experimental methods, and any combination of them
are used to solve combustion problems. Combustion modeling aims to sim-
ulate combustion processes, to develop predictivity capability for combustion
systems under operating conditions, to help in interpreting combustion phenom-
ena, and to substitute for difficult or expensive experiments. The theoretical
model should be validated by comparison with reliable experimental data before
it is used for prediction and evaluation of the influence of any parameters [20].

A reaction mechanism is a set of elementary reactions by which overall chemical
change occurs [21] describing the process from reactants to products, including
a characterization as complete as possible of the composition, structure, energy
and other properties of reaction intermediates, products and transition states
[17]. A theoretical model is composed of three files:

e A gas state file where elements, species, and reactions are listed.

e A state function file where thermodynamic information (enthalpy, entropy,
and heat capacity) are provided for each species in form of seven NASA
polynomials for low and high temperature.

e A molecular data file where the transport properties of each species are
provided.

When the conditions in the experiments change, some reactions become insigni-
ficant while others become more important. For that reason, a reaction mecha-
nism is limited to the range of experimental conditions to which it applies, e.g.
low, intermediate or high temperature regime; lean or rich combustion accord-
ing to the equivalence ratio, or working pressure range, respectively. If some
credible elementary reaction is not incorporated in the mechanism, it is not im-
plied that the reaction does not occur, but rather that it is not significant under
the specified conditions and thus is not taken into account.
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2.4 Analysis of a reaction mechanism

2.4.1 Sensitivity analysis

Sensitivity analyses are a time-efficient approach to investigate chemical models
based on the direct relationships between input parameters and model predic-
tions. They identify the rate-determining step or rate-limiting step in a reaction
mechanism [16]. Species thermodynamic properties and rate coefficients of el-
ementary reactions with high sensitivities should be well known and studied
because they have a big influence on the results of the mathematical model.
This work presents sensitivity analysis for species enthalpies and reaction rates
on the ignition delay time and burner-stabilized flame.

Enthalpy influence on the ignition delay time

The sensitivity analyses of species enthalpies of formation on ignition delay
times were performed to identify species whose thermo-chemical data influence
the simulation results significantly. In praxis, this was achieved by incrementing
the value of the 6" and 13" term of each seven-term NASA polynomial intro-
duced beforehand by 10kJ/mol. Ignition delay times were calculated for every
perturbation. The relative sensitivity [16] for the heat of formation is defined
in the present study as

LHVfuel Ti — Tref
S, = i 2.31
TrefR ( Ahl > ( )

Here, S; is the sensitivity of species ¢ on the heat of formation, defined as the
relative change in the ignition delay time 7. 7,.; is the ignition delay time
calculated with the original thermochemical data and LHVy, is the lower
heating value of the fuel at 298K. The lower heating value of the fuel was
applied, and not the heat of formation of the individual species as reference,
since the selection of the zero point in enthalpy is arbitrary. 7; — 7.cs is the
absolute change of the ignition delay time calculated with the updated thermo-
chemical data of the species ¢ respectively to 7. Ah; is the change of enthalpy
of formation in reference i to original enthalpy provided.

Enthalpy influence on maximum concentration profiles in burner-
stabilized flames

The sensitivity analyses of species enthalpies of formation on species concen-
tration profiles for major and minor species in burner-stabilized flames were
performed to identify species whose thermochemical data influence the simula-
tion results significantly. In praxis, this was achieved by incrementing the value
of the 6! and 13" term of each seven-term NASA polynomial by 1k.J/mol.
Concentration profiles were calculated for every perturbation. The relative sen-
sitivity [16] for the heat of formation is defined in the present study as

_ L Viua ( A ) (2.32)
CrefR Ath '

where: S; ; is the sensitivity of species j on the heat of formation, defined as a
relative change in the maximum value of the peak concentration of species 7, ¢y

2%}
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is the maximum value of the concentration of the reference species i, calculated
with the original thermochemical data and LHV},.; is the lower heating value
of the fuel at 298 K. Ac; is the absolute change of the maximum concentration
calculated with the updated thermochemical data of the species j respectively
t0 Cref. Ah}j is the change of enthalpy of formation of species j at temperature
T, at the position of maximum reference concentration of species 1.

Reaction rates influence on ignition delay time

The sensitivity analyses of reaction rates influence on ignition delay times were
performed to determine which reaction had the largest influence on the sim-
ulation results. The sensitivity analysis was performed by incrementing the
pre-exponential factor A (see Arrhenius law 2.19) in each reaction by 20%. A
complete ignition delay time computation for every perturbation was made. The
reaction rate sensitivity is defined as

A [ Tref — Tk
- Tref — Tk 2.
Sk Tref ( AV 1k‘ ) ( 33)

Si is the rate sensitivity of a reaction, defined as a relative change in the ignition
delay 7 of reaction £ when the Arrhenius pre-exponential factor of the reaction
is increased by 20%. Ay, is the current Arrhenius pre-exponential factor, 7,5 is
the ignition delay time without changing the Arrhenius pre-exponential factor,
At is the change against the reference ignition delay time (AT = Tycp — %)
and AAj is the absolute change in the pre-exponential factor. In this study, a
positive sensitivity is equivalent to a shorter ignition delay time, while a negative
sensitivity describes a longer ignition delay time.

2.4.2 Reaction Flow analyses

Flow analyses are used to determine the characteristic reaction paths of a re-
action mechanism. In numerical simulations of combustion processes, there are
available software packages that automatically perform this analysis [16].

A flow analysis considers the percentage of the contributions of different re-
actions r(r = 1,..., R) to formation (or consumption) of the chemical species
s(s=1,...,5). An example can be seen in table 2.2, where 5% of formation of
species 1, can be attributed to reaction 2. The percentage in the columns must
add up to 100% [16]. Fig.2.5 shows one example of the output of a flow analysis
from LOGEsoft program.

Reaction | Species =
13 1 2 . S
1 30% 3% e 10%
2 5% 60% ... 90%
3 65% 0% .. 60%

Table 2.2: Illustration of the output of a reaction flow analysis.
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Figure 2.5: FEzample of a flow analysis at 50% of mazx. fluz. Fluz values are in
mol/cm® /s at 50% of fuel consumption (propene) in a constant volume
reactor simulating a shock tube.
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2.5 Chemical kinetics in mass and energy conser-
vation

Chemical reactions such as those described by equation 2.1 are nothing else than
a representation of the principle of mass conservation. In the most general case,
conservation laws can be derived from the application of the Reynolds Trans-
port Theorem (RTT) to arbitrarily chosen Lagrangian Control Volumes (CV)
representing closed systems V,,. We use 1) to symbolize the chosen conserved
intensive property in such systems, e.g. mass or energy,

4 ppdV = / 20¥) 4y 4 / pYiy - dS. (2.34)
dt Jy, v Ot s

At a given time ¢, the system V,, coincides with a fixed constant volume (CV)
V', which has boundary S with a normal area vector dS. The LHS of equation
2.34 represents the sources or sinks of 1 in the CV V,,. The first term on the
RHS of equation 2.34 represents the instantaneous change of pi in a fixed point
in space, and the second term on the RHS symbolizes the incoming or outgoing
fluxes of 1 across the boundary S.

In the following subsections, some special cases for the generalized equation 2.34
are analyzed in detail. These cases have practical relevance for this thesis given
their regular use within the computational tool LOGEsoft.

2.5.1 Constant volume reactor

The constant volume reactor is constituted by a closed rigid vessel in which
the combustion occurs, the volume is maintained constant and the pressure
increases. This device is often employed for calorimetric studies to determine the
heat of formations of various fuels. It is used to simulate shock tube experiments.
The constant volume reactor is a closed system. There are no mass fluxes going
in or out of the system [22].

As the definition implies, customizing equation 2.34 for ) = 1 (intensive prop-
erty of mass), results in the following expression for conservation of mass in a
constant volume reactor:

d di 8p
—_ dV = LA —LZ4av. 2.
dt Jy, " V=" /Vat v (2.35)

Equation 2.35 is equal to zero due to the absence of sources or sinks of mass
in the universe according to the standard model of physics. Equation 2.35 can
also be expressed in differential terms, taking the limit dV — 0 in the RHS,

do _

d
- 0, or alternatively 0. (2.36)

dt

According to the continuity equation, the mass balance of a single chemical
species 7 in a system is given by three terms describing the mass flux and the
formation and consumption of said species, see Eq.2.37. The first two terms
on the right hand side represent the total flux of mass entering and leaving the
control volume V. The last term describes the formation (consumption) of the
species by chemical reactions.
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out

8mz Zmz L= Z ik + w; (2.37)

Here W; is the species molecular weight in %) and w; is the species net reac-
tion rate in mT"l The balance equations for the total mass is derived through
summation of the total number of chemical species present in the reactor where
the last equality comes from the fact that the total formation and consumption

of all species mass has to be zero.

om N Om. N N; Nout Nin Nout
=2 =3 (S X ) = 3 Yo
=1 1 \i=1

- . (2.38)

In multi-component systems (multi-component chemical system), Vi, does not
coincide with the fixed constant volume V. In this case, ¢ = Y; and equation
2.34 is not zero in contrast to the general mass case. The partial mass of every
component needs to be tracked. The balance equation for the mass fraction Y;
of species ¢ is derived in a way similar to that of the balance equation of total
mass with two terms describing change due to in- and outflow and one term
describing species production (consumption). The following holds:
oy;  07% 1 0m; m; Om

9 " ot “m ot mPor (2.39)

Using Eqs.2.38 and 2.39 together with the definition of density p = {#. Thus, a
sink or source w;W; of the mass fraction Y; or, conversely, of the partial density

pi is required (w; = <+ is the species reaction rate in :ﬁi and W; is the species

molecular weight in n]iol) Eq. 2.39 can be rewritten as:
N; No,
dy; 1 = . < . w; Wi
a _m <Z(m¢,z —1Y;) — Z(mi,k - mkﬁ')) + rE (2.40)
1=1 k=1

The species mass fractions of the gas exiting the volume Y; ; are the same as
that of the gas inside the volume Y;. The expression for change in mass fraction
is:
N;n
dY; - ml wiWi
= — (Y- Y, . 2.41
T )+ (2.41)

For energy conservation, the first law of thermodynamics demands the net in-
ternal energy of Vy;, to be equal to the difference between heat fluxes and work
done by or on the system. The change of energy in a system depends on the
heat transfer to and from the surroundings, performed work, chemical reactions
and transport phenomena:

N; N,
dE . . in ) out )
E=Q+W+Zml(h+ek+ep)l—ka(h+ek+ep)k (2.42)
=1 k=1

where E is the total energy of the system. On the right hand side of 2.42, the
terms (Q and W are the heat and work transfer rates between the control volume
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and the environment. The two sums represent the total energy transferred into
and out of the control volume by flow through the inlets and outlets. The in-
and outlets are denoted by [ and k, and h, e, and e, are the specific enthalpy,
kinetic energy and potential energy of the mass flows, respectively. Eq. 2.42 can
be rewritten as follows. Considering the left side of Eq. 2.42, the total energy is
the sum of internal, kinetic and potential energy. However, it is assumed that
changes in kinetic and potential energy are negligible so the energy differential
can be approximated as:

de dU

e~ dt
The total heat transfer rate Q is given by Q = Qcom, + de, where Qcom,
is the convective heat exchange with reactor walls in % and de is the heat

transferred through radiation in %

Qeonv = heA(T —T,) (2.43)

Qrad = peA (T* = T3) (2.44)

whereby A is the heat transfer area in m?2, h, is the heat transfer coefficient in

mTWKv € is the emissivity factor [—], and T,, is the wall temperature. The work
rate W is the change of volume V' with pressure p in %:
. dVv
W=—-p— 2.45
P (2.45)

Since kinetic and potential energy is negligible compared to enthalpy, energy
transport in and out of the system can be approximated by (h+ e, +e,) ~ h
n ,;—]q. Consequently, the last two terms of Eq. 2.42 become:

Nout Nout

imlhl kahk —Zmlzyzlhzl— kazymhzk

Eq. 2.42 can now be rewritten as:

U o RS
o =Q- p— + mz ZY;, hig = e Y Vikhik (2.46)
k=1 i=1

From the expression of instantaneous energy change,

dE _dU  d(mu) = du dm
Frr i L i T (247)

For specific internal energy v = u, the heat fluxes are expressed by the outgo-
ing (incoming) radiation heat flux, which are compensated by the endothermic
(exothermic) heats of reaction, the term du/dt can be rewritten as follows:

S duy s dY
Yiu, | =S v, &4 i 2.4
dt ~at (Z “) 2 At +;“ at (2.48)

To evaluate species internal energy wu; in k—‘]g, the calorific equation of state is
used:
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T
u; = ud + / i dT (2.49)
TO

Assuming ideal gas behaviour, u; = u;(T):
_ el
dt — dT &t ' dt
uY is the internal energy at reference temperature 7° and ¢, ; is the specific heat

(2.50)

capamty ( ) at constant volume for species i.
N N
. drT < dYy;
—-— = Yicyi— i 2.51
; ol +;“ dt (2:51)

With the terms dm/dt and dY;/dt from Eqs. 2.37 and 2.41, utilising ¢, =
ZZI\LI Yicp:, u= Zfil Y;u;, in equation 2.47 one gets:

N N;
dU du dm dT = 21y w; W
= =m S u s =me, S A v+ 2
a "t T +m;“ (;m( R

Ny Nin Nout

> v (S Y-

i=1 =1

(2.52)

Introducing the internal molar energy U; = Wju,; and expressing all terms ex-

plicitly, one gets

Ny Nin Nout

W u e, 3T +zubzmlm+ zwzu zm > i
=1 =

(2.53)

Setting the right hand side of Eq. 2.53 equal to Energy equation 2.46 and using
the definition of enthalpy, h = u + pv, yields:

ar Qi Ym
mcv +Zuzzmlyl+ sz i
= [ (2.54)
=Q- p* +Zmzzy 1Ui,l +ZmzZYzzpv = > e Y Yigpy
1= 1= k=1 =1

Again, Y; pu; = Y;u; is valid for all outlets so rearranging, dividing by volume
and assuming constant volume, including the heat transfer rate Qcony using Eq.
2.43 and Qrqq 2.44, ideal gas law pv = %, Eq. 2.54 can be simplified to:

2 i \ 2 i RoT;
Z zz:y;luzl —;W¢U¢+;7 Wi

_ f my RoTy hc
vV Wy

(2.55)

(T —Ty) + Ueé (1" —Ty)




With appropriate simplifications and considering that mass flow 7 = 0 (closed
system), one obtains:

AT h.A Ay e
& T-T St -1 -3 Wl 2.
e % ( w) + % ( ) 2 w;Us, (2.56)

whereby A is the heat transfer area, h. is the heat transfer coefficient, € is
the emissivity factor, T, is the wall temperature and U; are the partial molar
internal energies resulting from the chemical reactions.

2.5.2 Constant pressure reactor

The constant pressure reactor represents a gas that is allowed to expand freely
in the reactor volume. Examples of constant pressure reactors are tubes, closed
at one end and with a movable piston at the other, ensuring constant pressure
during combustion. Mass conservation in equation 2.34 implies that

/ 94y 4 / piy -dS = 0. (2.57)
v ot s

This case is idealized as a 1-D system with an inlet and an outlet of equal cross-
sectional area. f 5 PUy .dS = PoutVout A — pinvin A due to the 1-D assumption,
where only the velocity aligned with the surface vector is considered and this
velocity is uniform across the CV boundary. Additionally, with v;, = ve,: and
assuming homogeneous flow properties p;, = pout, the expression results in the
same equation 2.36 for a CVR.

For energy conservation (see Eq. 2.46), it can be expressed using the definition
of enthalpy (h) h = u+ pv where u is the specific internal energy, p the pressure

and v the specific volume. Volume is given by V = vm in m3.

dE.dU  d(mu)  du dm  d(h—pv) dm
" a - a  Maa T a Ty
dh dpv hdm dm dh hdm _ d(mpv)

M T ar dt

(2.58)

= T T TP T

The first term on the right hand side of Eq. 2.58 represents the change in
energy due to a change in enthalpy dh/dt. Using the explicit expression for
total enthalpy (given as the sum over all species molecular enthalpies by their
mass fractions), this can be rewritten as:

) (2.59)

N, N, N,
dh d 2 2 dh; = dy;
iy =iy (Sv) = (S oy

To evaluate the species enthalpy, h;, the calorific equation of state is used:

T
h; = hY + / cpidT (2.60)
T0

with hY being the enthalpy at reference temperature T° and cp,i the specific
heat capacity at constant pressure for species i. Assuming ideal gas behaviour,
h; = hi(T):
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dh; _ Oh;dT _ AT
¢ dT 4t "' adt
Replacing dh;/dt and dY;/d¢ in Eq. 2.59:

(2.61)

N N, N;
dh . dr - = 1y w; Wi
Mgy =m ig 1 Yicma +m E hi < g P (Yig —Yy) + ) (2.62)

Considering that ¢, = va Yicp i, then yields:

dh S ' w; Wi
may mcp i +m2h <Z -Y)+ ) (2.63)

i=1 =1 P

Replacing Eq. 2.63, 2.38 and Volume V = vm into Eq. 2.58 gives:

du  dh hdm dmpv

" T e T T a

] wiWi
o o +mzh (Z —Yi)+ ) (2.64)

=1 P
s Nouf. d(pV
(8 (Zmz L)

Setting the result from Eq. 2.64 equal to general energy equation 2.46, one gets:

mcp a erzh (Z ] Yi)eriZVi>

=1

+ (g‘;m) (Zm Zm) L

dv Nin ' 1uut N
Q- p*JerzZYuhzl kaZYi,khi,k
1= k=1 =1

Simplifying and introducing the molar enthalpy from species H; = W;h; (J/mol),
one gets:

ouf

mcpdt Zshzlimlyzl-i— E w; H; — V ZQ g mkE Yi khik
i=1 =
(2.66)

Utilising that Y; 1h; . = Y;h, for all outlets, dividing by volume and assuming
constant pressure. The total heat transfer rate @ is given by Q = Qconv + Qrads
where the heat transfer rate of convection Qcop, is included using Eq. 2.43 and
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heat transfer rate of radiation de is included using Eq.2.44. Equation 2.66
can be simplified to:

AT % iy & 4E heA A
pCPE = lzzl 7 ;Y;,l (h“ — h,) — iz:;wiHi + % (T — Tw) + O'GV (T4 — Ti)

(2.67)

The energy conservation equation is expressed in terms of specific enthalpy.
Since mass flow 7 = 0 (closed system), the energy equation becomes:

N
dT"  h.A A -
per gy = (T =Tu) + pei; (T* = T) = > wiH;, (2.68)
i=1
Given the assumption of flow homogeneity and equal inlet and outlet velocities,
the net momentum of the system is zero. Therefore, no balance equation for
momentum has to be solved [22].

2.5.3 Perfectly stirred reactor (PSR)

The perfectly stirred reactor model (PSR) is frequently used to simulate toroidal
jet-stirred reactors, that are used in laboratories to investigate ignition processes
[22].

This model is used frequently to study aspects of combustion, such as flame
stabilization and NO, formation. The PSR is a constant pressure vessel with
inlet and outlet ducts, with or without thermal isolation. A steady flow gas with
a certain composition and temperature is introduced through the inlets. After
a certain residence time, the reacted gas products exit the chamber through the
outlets. The PSR can be regarded as a vessel in which there is extremely strong
mixing. The reactive time-scales can be considered negligible in comparison to
the mechanical time-scales. This allows steady-state solutions for the balance
equations [23].

As in the CPR, mass conservation is given by equation 2.57. The same consider-
ations as in the CPR apply; however, the inlets and outlets are now generalized
under any number N;, of inlets and any number N,,; of outlets. This case is
a 0-D idealization and thus, all integrals can be expressed as the corresponding
algebraic multiplication of constant properties,

Nout Nin
dp ou
LV A=Y A =0, (2.69)
k=1 =1
which can be rewritten as
dm Nin Nout
O e (2.70)
=1 k=1

The gas flowing continuously in the chamber is a mixture of combusted and
unburned gas. Homogeneity inside the chamber means that the gas composition
exiting the vessel is the same as the one inside, i.e. Y;; = Y;, for all outlets.
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Following this assumption and substituting equation 2.69, the balance equation
for species mass fractions is,

d(p )V 3 Y kv A— Y v A d¥:
ar —i—ZPk i,k Uk sz 1,101 —Pd

=1 =1

iU A.

(2.71)
This expression is equal to the sinks or sources of Y; and can be rewritten as,

dY Jin

Pt

dY W &
AY: = Yiy) = w WiV, ”— (v,
) =w or Zm 1—Y;).

1=1

(2.72)
Therefore, the rate of change of the mass fraction, Y;, depends on the production
rate by chemical reactions (the first term on the RHS), and the influx to the
PSR (the second term on the RHS) [22].
The change in energy corresponds to the change of enthalpy due to incoming and
outgoing heat fluxes (radiation and convection), endothermic and exothermic
heats of reaction and the enthalpy of the incoming flow to the PSR [24]. The
equation is obtained similarly to equation 2.68 and analogously to equation 2.72,

. Nip .
- gy
pdt = Z%H +;h lz; 2 V
hcA A
+= (T—Tw)—i—asv (T*-1T5). (2.73)

Here, h; symbolizes the specific enthalpy of species ¢ and h, is the heat convec-
tion coefficient.

2.5.4 Laminar premixed flames

A flame is the visible gaseous part of a fire. It is caused by a highly exother-
mic reaction taking place in a thin reaction zone [24]. In the case of laminar
premixed flames, the fuel and the oxidizer are premixed before the combustion
and the flow is laminar. A premixed flame is stoichiometric if the fuel and the
oxidizer are consumed completely forming carbon dioxide and water. If there
is an excess of fuel, the system is called fuel-rich, and if there is an excess of
oxygen the system is called fuel-lean [16].

If the reaction equation is written down so as to describe exactly the reaction
of 1 mol fuel, the mole fraction of the fuel in a stoichiometric mixture can be

calculated as 1

1+v°

Here v denotes the number of moles of Oy in the reaction equation for a com-
plete reaction to CO9 and HoO. An example is:

Ttuel,stoich. = (274)

H2 + 0502 — HQO vr=0.5 and $H2,stoich. = 2/3
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The use of air as an oxidizer has to be made taking into consideration that
dry air contains about 21% oxygen (78% nitrogen, 1% noble gases) [16]. For a
stoichiometric mixture with air, the fuel mole fraction is

1
1+v-4.762°
=V Tfuel,stoich. xNZ,stoich. =3.762 - xOQ,stoich. (275)

Ttuel,stoich. 3302 ,stoich.

Air equivalence ratio (air number) or the reciprocal value of the fuel equivalence
ratio ¢ = 1/, is the number used to describe premixtures of fuel and air

A= (xair/xfuel) /(-Tair,stoich./xfuel,stoich.)
(Wair/quel) /(Wair,stoich./quel,stoich.) (276)

This formula can be rewritten to allow the evaluation of mole fractions in a
mixture from ¢ by
a

Tfuel = W, Tair = 1 — Tfyel, l‘oz = xair/4-762a $N2 = 702 - 3.762
¢

(2.77)
The air and fuel equivalence ratios allow the classification of premixed combus-
tion processes in three groups,

e rich combustion: ¢>1 |, <1
e stoichiometric combustion: ¢=1 , A=1

e lean combustion: ¢<1 |, A>1

2.5.5 Premixed freely propagating flames

This 1-D model represents a stationary, flat and infinitely large flame front
propagating through a premixed medium. The medium is presumed of infinite
length and the total energy of the system can be considered constant. There
are no flame strain or mass transfer (in the direction normal to the flow field of
the fuel and oxidizer) phenomena present [25]. The balance equations for the
freely propagating flame can also be derived from the RTT. These are:

e Continuity equation:
d (pu)

=0. 2.78
» (2.78)
e Balance of species mass fraction:
dy; dj;
= —— L. 2'
u—- 5, T (2.79)
e Balance of energy:
N N,
dr d dr . . dr
— = — |\ A=) =D hiy— i ——
P dz < dz) ; " ;cp] dz
—dao (T* = T3) V f» (2.80)
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In equations 2.78 and 2.79, u is the gas velocity, j; is the diffusion flux and
the production rate of species i. The diffusion flux is, per definition, j; = pV;Y;,
with V; being the diffusion velocity of species i. In equation 2.80, A is the ther-
mal conductivity, a is Planck’s constant, ¢ is the Stefan Boltzmann constant,
Ty is the temperature of the surroundings and f, a radiation factor. The rest
of the terms were described above [25].

In the LOGE package, the flame configuration can be chosen. The transport
model model specifies the relation between heat diffusion and mass diffusion
due to concentration gradients (Lewis number).

e Unity Lewis number: thermal and species diffusion are constant and equal
for all the species

e Constant Lewis number: sets constant values for Lewis number for all
species.

e Variable Lewis number: the Lewis number is calculated from the transport
data individually for each species.

Thermodiffusion: allows to calculate the diffusion of the species due to temper-
ature gradients.

Radiation: is used for calculating the heat loss due to radiation. Taking into
account that H9O and COq are final products of combustion, these are the
species with the biggest radiation.

The laminar burning velocity (flame speed or flame velocity) is a characteristic
of the freely burning premixed laminar flat flames into the unburnt mixture. It
is the velocity at which unburned gases move through the combustion wave in
direction normal to the wave surface. The burning velocity depends solely on
the mixture composition of equivalence ratio ¢, the pressure P, and the initial
temperature 7' [15].

2.5.6 Premixed burner-stabilized flames

This model reproduces the low-pressure flat-flame burner experiments to ob-
serve the species profiles within the flame structure. Species profiles are typically
determined experimentally by quartz micro-probe sampling and gas chromato-
graphy for stable species, molecular beam sampling mass spectrometry for both
stable and radical species and electron or spin resonance for H, O and OH [24].

The balance equations for the burner-stabilized flames are the same as those
that were used for premixed freely propagating flames. In these calculations, the
energy conservation has not been solved; instead, the experimentally determined
temperature profile has been used. Temperatures are generally measured in the
experiments with a radiation-corrected thermocouple [16].
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2.6 Computational Tool-LOGEresearch

LOGEresearchv1.10-000 is the tool used in this work to perform the calculations
to simulate the different experiments and its conditions. It allows the analysis of
complex chemistry in engineering applications, providing easy access to complex
chemical models [26]. Among many features, LOGEresearch includes a wide
range of 0-D reactor models and 1-D flame calculations. LOGEresearch can be
used to:

e Read and visualize existing reaction mechanisms
e Perform sensitivity, flow and lifetime analysis
e Reduce reaction mechanisms

For this investigation, the constant volume reactor, constant pressure reactor,
jet stirred reactor, premixed burner-stabilized flames and premixed freely pro-
pagating flames were all models used for simulations.

2.7 Naming rules for species in the mechanism

The mechanisms related to this thesis follow the naming presented in table 2.3.
You may find the structure representation very simplified. Resonance struc-
tures are not presented, bond angles are not correct and the 3D structure is
completely ignored. A new nomenclature has been implemented and developed
for species, derived from IUPAC rules, and following the order of priority for
choosing a principal characteristic group. These naming rules were published in
the work of Leon et al. [5] in suplementary material 2.

The nomenclature that is used in this mechanism for non-aromatic species start-
ing from Cy is in some points related to the IUPAC nomenclature of organic
chemistry ! . The functional groups and the respective abbreviations used in
our mechanism are listed in Tab. 2.3 in decreasing order of priority. The italic X
and Y behind the abbreviation are used as placeholder for the position number
of the functional group.

There are a few steps that needs to be considered to derive the correct species
name in our mechanism and these steps are explained in the following:

First of all, the parent hydrocarbon chain must be identified. It should have the
maximum length, maximum number of functional groups, as well as the maxi-
mum number of multiple and single bonds. The parent hydrocarbon chain must
then be numbered. This is done by first numbering the chain in both directions
(left to right as well as right to left) and then selecting the numbering where
the sum of all locants is the smallest. Locants are the numbers on the carbon
atoms to which the substituent is directly attached.

1Henri A. Favre, Warren H. Powell.
Nomenclature of Organic Chemistry: IUPAC Recommendations and Preferred Names 2013.
Chapter 4 and chapter 5.
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Example: CH3 — ¢ =—(CH— CHj
Right: C4H7-R2D2
Wrong: C4H7-R3D3

The radical is on the second carbon when counting from left to right. By nam-
ing the species, the positional number of a functional group should be minimized.

Afterwards, all functional groups needs to be identified and ordered according
their priorities (see Tab. 2.3).

Following our nomenclature, the species name is subdivided in two parts that
are divided by an hyphen. The sum formula of the respective molecule is given
in front of the hyphen, whereas molecule specific information (e.g. functional
groups, binding situations, ...) are stated behind the hyphen with a number
giving the specific position of the functional group in the molecule. Behind the
hyphen, the abbreviation of each functional group is listed in the name and the
different groups are ordered with decreasing priority.

CxHy — (FunctionalgroupA)(PositionA)(FunctionalgroupB)(PositionB)
(2.81)
e.g.

H

e Structure. HoC=——=CH——C==0 (C3H40-Al1D2)

A

e Structure. H3C CH; (C3H80-HP2)

e Structure. CHp=—=CH——C==CH (C4H4-D1T3)

In the case of cumulative double bonds, the naming is abbreviated by only men-
tioning the first and last of the adjacent double bonds.

e.g. Structure. HoC C C C O (C4H20-K1D1-D3)

In case of cyclic ethers, the position numbers of the two carbon atoms X and Y
that are bridged by the ether function are listed behind the abbreviation of the
ether group (E).

28



e.g.
07

Structure. L\ (C4H60-E13MD2)

CH,

0)

% CH;
Structure. (C3H60-E12)

0]

Structure. chicmHg (C4HB0O-E14)

0]

N

Structure. CH3 — CH—— CH —— CHj3 (C4H80-E23)

In case of cyclic species, the species name is subdivided in two parts that are di-
vided by an hyphen. The initials CY followed by sum formula of the respective
molecule is given in front of the hyphen, whereas molecule specific information
are stated behind the hyphen (as for linear molecules).

e.g.
CH

e Structure. / (CyC5H5-R1D2D4)

Another cyclic molecules are named after the nomenclature presented by Fren-
klach et al. 1988 2 where benzene is represented by A1 and naphthalene A2.

2M. Frenklach, W.C. Gardiner, S.E. Stein, D.W. Clary and T. Yuan, 1986, Mechanism of
Soot Formation in Acetylene-Oxygen Mixtures, Combustion Science and Technology, 50:1-3,
79-115
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Group

Special Case

General Structure

Abreviation Position of Functional Group

Radical
Alkoxy radical
Peroxy radical
Carboxylic acid

Ester
Aldehyde

Ketone

Alcohol
Hydroperoxid

Ether

Alkene

Alkyne

Peroxid

Alkanes

Cyeclic ether

Methylene group

Cumulative double bonds

Methyl
Ethyl
Propyl

Butyl

(R)sC*
(R)—0O*
(R) — 00
RCOOH
RCOOR'
RCHO
R—-CO-R
R—OH
R—-OOH
R-O-R
R-O-R
R—CH=CH - R
R—-—C=CH2
R—-CH=C=CH-R
R-C=C-R
R-O-0O-FR
R— (CH2)n — R/
R—CH3
R—CH2—-CH3
R— (CH2)2 — CH3

R— (CH2)3 — CH3

RX

OoX

00X

AcX

EsX

AIX

KX

OHX

HPX

EX

EXY

DX

MDX

DX-DY

X

PX

MeX

EtX

PrX

BuX

Table 2.3: Priority list following nomenclature [5]. * :This is a suggested abbreviation since

these molecules are not part of the mechanism.
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Chapter 3

Influence of thermodynamic
data on reaction fluxes, and
prediction by chemical
reaction mechanism

The work presented in this chapter aims at improving the propane (C3HS)
and propene (C3H6-D1) chemistry of the reaction mechanism by evaluating the
influence of the thermodynamic data (enthalpy of formation at 298 K') on the
simulation of ignition delay times measured in shock tube experiments. Propane
and propene are frequently used as fuel and can be found as a compound of nat-
ural gas, propene is studied for a better understanding of critical precursors of
benzene formation, such as the propargyl radical (see Atakan et al. (1998) [27]
and Hoyermann et al. (2004) [6]).

The chemical mechanism presented in Schenk et al. (2013) [8] was used for
all calculations. It consists of 163 species and 1055reversible reactions with 94
non-reversible forward reactions.

The assumption of microscopic reversibility of chemical steps is widely applied
in kinetic simulations of combustion processes. The rate coeflicients for back-
ward reactions are typically calculated from the thermodynamic properties of
the reactants involved. However, systematic studies of the influence of thermo-
dynamic data (assumptions) on kinetic simulations are scarce, e. g: Hughes et
al. (2006) [28] and Goos et al. (2013) [29]. The crucial role of the thermochem-
istry of the NCN radical on modeling NOx formation in flames was exemplified
in Goos et al. (2013b) [29].

The experimental data validated in the present study for propane as fuel was
measured in: Burcat et al. (1971) [30], Brown and Thomas (1999) [31], Herzler
et al. (2004) [32], Zhukov et al. (2005) [33] and Lam et al. (2011) [34] in a
variety of temperatures ranging from 900 K to 1850 K, with pressures from 1
atm to 500 atm and equivalence ratios from 0.5 to 1.8. In the case of propene as
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fuel, Burcat and Radhakrishnan (1985) [35] investigated an experimental range
from 1271 K to 1900 K, a pressure from 1 atm to 6 atm and equivalence ratios
from 0.5 to 2.0. Qin et al. (2001) [36] studied propene auto-ignition in tem-
peratures ranging from 1270 to 1820 K, with pressures from 0.95 to 4.7 atm
and equivalence ratios from 0.5 to 2.0, and, recently, Burke et al. (2015) [37]
studied propene auto-ignition in temperatures ranging from 1100 to 1750 K,
with pressures from 2 to 40 atm and equivalence ratios from 0.5 to 2.0.

The laminar burning velocities for propane/air mixtures at a temperature of 298
K, ambient pressure and equivalence ratios from 0.5 to 1.8 were also validated
using the measurements from Metghalchi and Keck (1980) [38], Egolfopoulos et
al. (1991) [39], Vagelopoulos et al. (1994) [40], Vagelopoulos and Egolfopoulos
(1998) [41], Davis and Law (1998) [42], Hassan et al. (1998) [43], Bosschaart and
Goey (2004) [44], Jomaas et al. (2005) [45], Huzayyin et al. (2008) [46], Wu et
al. (2011) [47], Lowry et al. (2011) [48], and Dirrenberger et al. (2011) [49]. In
the case of propene/air mixtures, experimental measurements presented in Davis
and Law (1998) [42], Davis et al. (1999) [50], and Jomaas et al. (2005) [45] were
used for validation of the model at a temperature of 298 K, ambient pressure
and equivalence ratios from 0.5 to 1.7.

3.1 Propane and Propene ignition delay time and
sensitivity results.

The mechanism is validated against a shock tube experiment performed by Qin
et al. (2001) [36] for propene, and against a shock tube experiment from Burcat
et al. (1971) [30] for propane as fuel. Maximum pressure rise was the crite-
rion for determining the propene ignition delay time and maximum formation
of carbon dioxide (CO2) was the criterion for the propane ignition delay time
as described in the experimental conditions of the original sources [36] and [30].

Figure 3.1 a) shows results for propene ignition delay time where the simulation
results are 62.8% lower than the experimental data at 1440 K; the ignition tim-
ing slope, however, follows the experimental data behavior. Figure 3.1 b) shows
the results for propane ignition delay time where the values of the simulation re-
sults are 54% lower than the experimental data at 1380 K. These deviations from
experimental data are large in comparison to deviations for other fuels using the
reaction mechanism (Hoyermann et al. (2004) [6], Schenk et al. (2013) [8], and
Ofwald et al. (2011) [7]).

Figure 3.2 a) shows results for the sensitivity analysis of enthalpy of formation
on ignition delay time for propene as fuel at 1440 K, 1540 K, and 1660 K. It
is observed that species sensitivity towards enthalpy changes are temperature-
dependent and the strongest sensitivity is found at 1440 K. Allyl (C3H5-R1D2)
and propene (C3H6) are the most sensitive species with C3H5-R1D2 showing a
positive sensitivity and C3H6-D1 showing a negative sensitivity. Also, propargyl
(C3H3-R1T2) shows an influence on the ignition delay time targets under these
conditions. Lower sensitivities were observed for C3H4-T1, C2H5-R1, C2H4-D1
and CH3.
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Figure 3.1: a) Ignition delay time of 1.6% C3H6-D1/ 7.2% Og mizture in Ar in
a shock tube at 4 bar and a temperature range of 1440-1660 K. Sym-
bols represent experimental data ( [36]). b) Ignition delay time of 0.84%
C3H8 / 2.1% Oy mizture in Ar in a shock tube at 7.5 bar and a tempera-
ture range of 1380-1540 K. Symbols represent experimental data ( [30]).
Black lines are simulation results.

Figure 3.2 b) presents the sensitivity analysis of enthalpy of formation on ig-
nition delay time for propane as fuel at 1380 K, 1460 K and 1540 K. The
H radical is the most sensitive species and a change of its thermodata will af-
fect the prediction of all the mechanism targets. This study will not address
the H-atom sensitivity because the availability of experimental data for H-atom
concentration-time-profiles is limited, although it is well known that this is an
important issue in kinetic modeling (see discussion in Goos et al. (2013) [29]). A
negative sensitivity to enthalpy changes for C3H8 and C3H6-D1 was observed,
while C2H5-R1, C2H4-D1, CH4 and CH3 exhibit a positive sensitivity to en-
thalpy changes. CH3 has a positive sensitivity for 1380 K and 1460 K but
a change to negative sensitivity at 1540 K. C2H5-R1 shows the most largest
sensitivity value after the H-atom.

Sensitivity analyses of reaction rates were performed for propene as fuel at 1440
K, 1540 K and 1660 K (see Figure 3.3) which are, respectively, the lowest,
medium and highest temperatures in the experimental data. The most sensitive
reactions with a positive tendency are

e H+ 02 <=> O + OH (R1),
e HO2 + C3H5-R1D2 <—> 02 + C3H6-D1 (R292),

C3H3-RIT2 + 02 -> CH20 + HCCO (R243),

C3H5-R1D2 + C3H5-R1D2 -> H + H + C6H8-D1T5 (R496), and

H + C3H5-R1D2 <=> C3H4-D1D2 + H2 (R269)
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Figure 3.2: a) Sensitivity analysis of enthalpy on ignition delay time for propene as
fuel (1.6% C3H6-D1/ 7.2% Og mizture in Ar at 4 bar ( [36]) for 1440
K, 1540 K and 1660 K. b) Sensitivity analysis of enthalpy on ignition
delay time for propane as fuel (0.84% C3H8/ 2.1% Oy mizture in Ar at
7.5 bar ( [30]) for 1380 K, 1460 K and 1540 K.

H + C3H5-R1T2 <=> C3H4-D1D2 + H2 (R269) is the most sensitive reaction,
which shows a negative sensitivity. In general, higher sensitivities are observed
in the reactions where C3H3-R1T2, C3H5-R1D2 and C3H6-D1 molecules are in-
volved, and such analysis confirms the information obtained from the enthalpy
sensitivity (Fig 3.2 a)), where allyl and propene were found as the most sensitive
species.

Propane reaction rate sensitivity analyses were performed for 1380 K, 1460 K,
and 1540 K (Fig. 3.4)). The most sensitive reactions with a positive tendency
are:

e H+ 02 <—>0 + OH (R1),
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Figure 3.3: Net sensitivity analysis of reaction rates on ignition delay time for
propene as fuel (1.6% C3H6-D1/ 7.2% O 5 mizture in Ar at 4 bar ( [36]))
for 1440K, 1540K and 1660K.

e CH3 + C2H5-R1 <=> C3HS8 (R300),
e C2H3-RID1 + 02 <=> CH20 + HCCO (R147), and
o H + C2H4-D1 <=> C2H3-R1D1 + H2 (R162),

while negative sensitivities are observed for
e H + C3H8 <=> C3HT7-R2 + H2 (R301),
e H + C3H8 <=> C3HT7-R1 + H2 (R302),
e H + C3H5 <=> C3H4-D1D2 + H2 (R269), and
e CH3 + CH3 <=> C2H5-R1 + H (R188).

The reaction rate sensitivity for propane shows species (C3H8, C3H6-D1, C3H5-
R1D2, C3H3-R1T2, C2H5-R1, C2H4-D1, CH4, and CH3) observed in the en-
thalpy sensitivity analysis.

There are 163 species in the reaction mechanism used in this study, which is
equivalent to 163 perturbations for the enthalpy sensitivity analysis. In the case
of the reaction sensitivity analysis, there are 2204 perturbations (1055 reversible
reactions plus 94 forward reactions). The calculation time needed for the en-
thalpy sensitivity analysis is shorter than the calculation time needed for the
reaction rate sensitivity analysis. The enthalpy sensitivity analysis is a useful
strategy that can be implemented to determine the sensitive species and related
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Figure 3.4: Net sensitivity analysis of reaction rates towards ignition delay time for
propane as fuel (0.84% C3H8 / 2.1% Oy mizture in Ar at 7.5 bar ( [30]))
for 1380K, 1460K and 1540K.

reactions that are affecting the oxidation process of the fuel. Based on the ob-
servations of the sensitivity analysis of enthalpy and reaction rates on ignition
delay times for propane and propene as fuels, the thermodata of propene (C3H6-
D1), allyl (C3H5-R1D2), propargyl (C3H3-R1T2), and ethyl radical (C2H5-R1)

molecules were reviewed.

Original polynomials for propene (C3H6-D1), allyl (C3H5-R1D2), propargyl
(C3H3-R1T2), and ethyl radical (C2H5-R1) thermodata were taken from the
work of Burcat 1984 [51] and the implemented polynomials from the database
by Goos and Burcat [9]. Both the original and implemented values for A H%
are presented in table 3.1.

Ay Hggs (kJ/mol)
C3H6-D1  C3H5-R1D2 C3H3-R1T2 C2H5-R1
Original 20.57 134.31 320 117
Implemented 19.67 163.71 351 119

Table 3.1: Original [51] and implemented [9] values of Ay H3g for propene (C3HG6-
D1), allyl (C8H5-R1D2), propargyl (CS8H3-R1T2) and ethyl radical
(C2H5-R1).
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3.2 Propane and Propene ignition delay time and
sensitivity results using updated thermody-
namic data.

Figure 3.5 shows a comparison of simulation results for propene as fuel using: a)
original thermodynamic data, b) updated thermodata of the C2H5-R1 molecule,
¢) updated thermodata of the C3H3-R1T2 molecule, d) updated thermodata of
the C3H5-R1D2 molecule, e) updated thermodata of the C3H6-D1 molecule
and f) updated thermochemical data of C2H5-R1, C3H3-R1T2, C3H5-R1D2,
and C3H6-D1 at once.

== C2H5-R1+C3H3-R1T2+C3H5-R1D2+C3H6-D1

[ ===~ C3H3-RIT2

= == C3H5-R1D2 [ ]

T [ms]

0.6 0.65 0.7
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Figure 3.5: Ignition delay time of 1.6% C3H6-D1/ 7.2% O, misture in Ar in a
shock tube at 4 bar and a temperature range of 1440-1660 K. Symbols
represent experimental data ( [36]). Black solid line: original simula-
tion result, dark gray line: updated C3H3-R1T2 thermodynamic data,
light gray dotted line: updated C8H6-D1 thermodynamic data, black dot-
ted line: updated C8H5-R1D2 and black dashed line: updated C2H5-R1,
C8HS3-R1T2, C3H5-R1D2, and C3H6-D1 thermodynamic data.

The greatest influence on ignition delay time was observed for the updated ther-
modata of the allyl molecule (C3H5-R1D2) (black dashed line). The replacement
of the thermodata for the propene (C3H6-D1) molecule resulted in lower values
forA¢HSg (C3H6-D1) than the ones used in the original thermodata, which
leads to an increase of the ignition delay time (gray dashed line). The change
in the thermodata for propargyl (C3H3-R1T2) increases the ignition delay time
(black dotted line). Changing the value of thermodata for Ay H3g (C2H5-R1)
does not influence the ignition delay time (gray dotted dashed line). The black
dashed line shows the predicted ignition delay time result using all the thermo-
dynamic data calculated in this work (C2H5-R1, C3H3-R1T2, C3H5-R1D2 and
C3H6-D1) and is closer to the experimental measurements.

Figure 3.6 presents the results for propane as fuel. The use of the updated
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thermochemical data results in an improvement of the modeling predictions for
ignition delay times obtained in the shock tube experiment from Burcat et al.
1971 [30] for propane as fuel. In this case, the main influence comes from the
change in the value of thermodata for ethyl radical (C2H5-R1). The biggest
influence of the change on ignition delay time has been observed at 1380 K.

=z
g 0l
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i ==—— C2H5-R1+C3H3-RIT2+C3H5-RID2+C3H6-D1
[ =— = C3H3-RIT2
----- C3H5-R1D2
----- C3H6-D1
0.01 , . . [ | |
0.64 0.66 0.68 0.7 0.72 0.74
1000/T [1/K]

Figure 3.6: Ignition delay time of 0.84% C3H8/ 2.1% Oy misture in Ar in a shock
tube at 7.5 bar and a temperature range of 1380-1540 K. Symbols rep-
resent experimental data ( [30]). Black solid line: original simulation
result, dark gray line: updated C3H3-R1T2 thermodynamic data, light
gray dotted line: updated C38H6-D1 thermodynamic data, black dotted
line: updated C3H5-R1D2, black dashed line: updated C2H5-R1, C3H3-
R1T2, C3H5-R1D2, C38H6-D1 thermodynamic data.

An Integral flow analysis for propene as fuel at 1440 K and propane as fuel
at 1380 K (using original and updated thermodata) is presented in figures 3.7
and 3.8. The flow analysis in this study visualizes the flow of carbon atoms
and was introduced in the work by Schenk et al. 2013 [8]. Percentage numbers
presented in the Figures are the number of C-atoms consumed by the respective
reaction from the reactant molecule to the product molecule(s). The flux is
normalized with the total flux of carbon atoms consumed by reactions with the
reactant molecule. In the Figures, the minor reaction pathways are filtered out
and therefore, the flows do not total 100%.

Figure 3.7 shows the flow corresponding to the propene decomposition. Every
flow has two values. The first value corresponds to the original thermodata
(normal script) and the second value corresponds to the updated thermodata
(bold script).

The consumption of C3H6-D1 using the original thermodata (normal script)
is dominated by abstraction of H-atom in allylic position producing 55.8% of
the resonance-stabilized allyl radical (C3H5-R1D2). Other minor decomposi-
tion pathways for propene are H-atom abstraction from double bond producing
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Figure 3.7: Integral reaction flux analysis for propene as fuel (1.6% C3H6-D1/ 7.2%
Oy mizture in Ar at 4 bar at 1{40K ( [36]). The first value corresponds to
the original thermodata (normal script) and the second value corresponds
to the updated thermodata (bold script). The contributions of individual
pathways in the consumption of a species are indicated by percentages
next to the arrows. The thickness of the arrows indicates the contribution
of the respective pathway to the total flux of C-atoms.

8.1% of C3H5-R2D1 and H-atom addition to double bond producing 18.4% of
C3H7-R1. The resonance-stabilized allyl radical (C3H5-R1D2) follows two main
reaction pathways: The first one via reactions R495, R496 and R497 to form
54.4% of C6H8-D1T5 and the second one via H-atom abstraction to form 28% of
allene (C3H4-D1D2). There are other two minor reaction pathways via methyl
addition that result in 2.7% of the adduct of 1-butene (R354) and 0.7% of cis-
2-butene (R400) that feed the C4 route. The propyne (C3H4-T1) destruction
channel contributes with 34% of its flow to the Cq species pool.

Propargyl (C3H3-R1T2) is mainly formed by C6H8-D1T5 (R497) with 55.7% of
the flow and propyne (C3H4-T1) with 29.8% of the flow. 26.4% of the Propar-
gyl (C3H3-R1T2) recombines to produce benzene, which follows the destruction
channel via the Cy route feeding the C4 route or contributing to the C; route,
forming CO.

The alkyl radical C3H7-R1 is formed by 66.7% of ethene (C2H4-D1) and 33.3%
of methyl CH3 radical. The 20.1% of methyl radical recombines to form ethane
C2H6, which decomposes via H-atom abstraction to ethyl C2H5-R1 radical;
C2H5-R1 continues a subsequent dehydrogenation chain via H-atom abstrac-
tion up to acetylene (C2H2). A main contribution to ketyl radical formation is
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attributed to acetylene (C2H2), with 72% of the flow.

Methyl radical follows another important pathway via O-atom addition to pro-
duce formaldehyde (CH20), wich subsequently forms formyl radical (HCO),
which contributes to carbon monoxide (CO) formation. Final oxidation is
reached when CO converts to carbon dioxide (CO2).

After the previously outlined update in the thermodynamic data of propene
(C3H6-D1), allyl radical (C3H5-R1D2), propargyl (C3H3-R1T2), and ethyl rad-
ical (C2H5-R1), the impact in the carbon flow was investigated. The major
decomposition pathways remain unchanged and the new values are presented in
figure 3.7 in bold script.

The main differences are: a decrease in the flow formed by the abstraction of H-
atom in allylic position from the propene molecule reaching 47.1% of resonance-
stabilized allyl radical (C3H5-R1D2), an increase in the flow of C3H5-R2D1 and
C3HT7-R1 to 9.9% and 18.8% respectively. The reaction pathway responsible for
propyne C3H4-T1 formation via C6H8-D1T5 decreased the flow to 17.8%, and
direct propargyl formation via C6H8-D1T5 was reduced to 44.1%. In the same
way, an increase in the flow that contributes to the consumption of propargyl
C3H3-R1T2 via HCCO to 21.2% was observed and the reaction pathway re-
spounsible for benzene (A1) flow formation decreased to 13%. An increase in the
flows forming 1-butene (C4H8-D1) to 8.2% and cis-2-butene (C-C4H8-D2) to
5.5% was observed. Furthermore, the decomposition reaction pathway from 1-
butene (C4H8-D1) by removal of methyl radical gains relevance and this flow is
responsible for 16.9% of propene (C3H6-D1) formation. The main path between
propene (C3H6-D1) and allyl radical (C3H5-R1D2) has been slowed down. The
contribution of this flow affects the ignition delay time.

In the case of propane (original mechanism), fuel consumption is dominated by
abstraction of hydrogen in allylic position, producing 39.5% alkyl radical C3H7-
R2 (R301) and 32.2% C3H7-R1 (R302). The unimolecular decomposition of the
fuel molecule leads to the formation of 18.5% C2H5-R1 and 9.2% CH3 (R300).
C3H7-R2 forms 96.2% of C3H6-D1 by H-atom abstraction and this flow fol-
lows the same decomposition pathways as discussed in Figure 3.7. Alkyl radical
C3H7-R1 decomposes into 66.7% C2H4-D1 and 33.3% of CH3. 56.1% of the
methyl radical recombines to form C2H6, marking the beginning of a subse-
quent dehydrogenation chain for Cy route. Ethane molecules decompose via
H-atom abstraction to form 97.3% C2H5-R1 flow and further H-atom abstrac-
tion forms 94.8% of C2H4-D1 flow. Ethene molecules decompose to form 69.5%
of C2H3-R1D1 and 19.8% of C2H50-R10H2. C2H3-R1D1 flow forms 69.5%
of acetylene C2H2 and 19.8% of C2H30-R1A12. C2H50-R10H2 converts com-
pletely to acetaldehyde C2H40-All. C2H30-R1A12 forms mainly two products,
first 48.2% of C2H20-K1D1 and second 11.3% of C2H40-All. C2H20-K1D1
contributes to HCCO flow and CO flow, while C2H30-R1K1 contributes to CO
flow and methyl CH3 flow. Acetylene decomposition follows the reaction path-
way that forms HCCO, forming CO and finally carbon dioxide CO2.

After the previously outlined update in the thermodynamic data of propene
(C3H6-D1), allyl radical (C3H5-R1D2), propargyl (C3H3-R1T2), and ethyl ra-
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Figure 3.8: Integral reaction fluz analysis for propane as fuel (0.84% C3H8/ 2.1%
Oy mizture in Ar at 7.5 bar at 1380 K ( [30])). The first value corre-
sponds to the original thermodata (normal script) and the second value
corresponds to the updated thermodata (bold script). The contributions
of individual pathways in the consumption of a species are indicated by
percentages next to the arrows. The thickness of the arrows indicates the
contribution of the respective pathway to the total flux of C-atoms.

dical (C2H5-R1), the impact in the carbon flow was investigated. The major
decomposition pathways remain unchanged and the new values are presented in
the bold script in figure 3.8. Propane converts to 40.8% of alkyl radical C3H7-
R2 and 33.2% C3HT7-R1 for the abstraction of hydrogen. A decrease in the flows
resulting from unimolecular fuel decomposition to produce 16.9% of C2H5-R1
and 8.4% of CH3 is observed. Propene destruction flow decreased to 47.7%.
The reaction path leading to C6H8-D1T5 decreased to 15.9% and the path to
form C3H4-D1D2 decreased to 19%. An opposite behavior was observed for
Cy species, where the reaction pathway that leads to butene (C4H8-D1) for-
mation increased up to 30% and the reaction pathway to form 2-butene (cis)
C-C4H8-D2 to 14%. Propyne (C3H4-T1) decomposition to ethylene showed no
significant changes.

After updating the thermodata, reaction rate sensitivity analyses were repeated
for propene (figure 3.9) and propane (figure 3.10) as fuel. In the case of propene,
several reactions show changes in their sensitivities to ignition delay times. We
observed an increment in the sensitive values using the updated thermodata for
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Figure 3.9: Net sensitivity analysis of reaction rates on ignition delay time for

propene as fuel (1.6% C3H6-D1 / 7.2% O 5 mizture in Ar at 4 bar ( [36]))
for 1440 K, 1540 K and 1660 K.

the reactions:

e H + C3H6-D1 <=> C3H7-R1 (R294)

O + C3H6-D1 <=> CH20 + C2H4-D1 (R287)

O + C3H6-D1 <=> OH + C3H5-R1D2 (R283)
e C3H6-D1 <=> CH3 + C2H3-R1D1 (R277)
e 2C3H5-R1D2 <=> 2H + C6H8-D1T5 (R496),
and a decrease in the sensitivity values for the reactions:
e H + C3H5-R1D2 <=> C3H4-D1D2 + H2 (R269) and
e HO2 + C3H5-R1D2 <=> 02 + C3H6-D1 (R292).

For propane as fuel, reactions CH3 + C2H5-R1 <=> C3H8 (R300) and

H + C3H8 <=> C3HT7-R2 + H2 (R301) show an increase in the sensitivity val-
ues, with the most sensitive temperature for R300 being 1380 K and for R301
1380 K. Reactions H + C3H8 <=> C3H7-R1 + H2 (R302),
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H + C3H5-R1D2 <—> C3H4-D1D2 + H2 (R269), and
CH3 + CH3 <=> C2H5-R1 + H (R188) showed a decrease in their sensitivity.

The reaction rate sensitivity analysis for some reactions does not follow a mono-
tonic relation with the change of the temperature (e.g.: R496 in figure 3.9). For
further understanding, a more detailed investigation was carried out for smaller
temperature intervals and it was found that a clear trend appears with the max-
imum value of 1540 K. We have observed that in such cases, the perturbation
of this reaction causes a change in the curvature of the reaction rate sensitivity
on ignition delay time as shown on figure 3.11.

New thermodynamic data for C3H6-D1, C3H5-R1D2, C3H3-R1T2 and C2H5-
R1 are available and have been included in our reaction mechanism. A change
in thermodata has direct influence on the reactions sensitivities, which results
in a change in the ignition delays time under these operating conditions.

R1:H+02=0+0H
R300:CH3+C2H5-R1=C3H8
R147:C2H3-R1D1+02=0+C2H30-RIAI2
R64:CH3+02=0H+CH20
R162:H+C2H4-D1=C2H3-R1D1+112
R66:HO2+CH3=0OH+CH30
R5:H+02+M1=HO2+MI
R163:0H+C2H4-D1=C2H3-R1D1+H20
R3:0H+2=H+1120
R153:C2H30-R1AI2(+M)=C2H20-K 1D I+H(+M)
R125:0+C2H2=H+HCCO
R273£:C3H5-R1D2+02=>C3H40-A11D2+0H
R496£:2C3H5-R1D2=>2H+C6H8-DI1T5
R269:H+C3H5-R1D2=C3H4-D1D2+H2
R7:H+H02=H2+02
R152:C2H30-R1AL2(+M)=CH3+CO(+M)|
R165:0+C2H4-D1=HCO+CH3
R67:H+CH3(+M4)=CH4(+M4)
R281:H+C3H6-D1=C3H5-R1D2+112
R280:C3H6-D1=H+C3H5-R1D2
R188:2CH3=H+C2H5-R1
R70:HO2+CH3=CH4+02
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Figure 3.10: Net sensitivity analysis of reaction rates on ignition delay time for
propane as fuel (0.84% C3H8/ 2.1% Oy mizture in Ar at 7.5 bar ( [30]))
for 1380 K, 1460 K and 1540 K.
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Figure 3.11: Net sensitivity analysis of reaction rates on ignition delay time for
propene as fuel (1.6% C3H6-D1/ 7.2% Ogy mizture in Ar at 4 bar
( [36])) for 1440 K, 1500 K, 1540 K, 1600 K and 1660 K.

3.3 Ignition delay time, laminar flame speed and
burner-stabilized flame validation for propene
and propane.

The mechanism with the updated thermodata has been further validated against
several shock tube experiments, laminar flame speeds and burner-stabilized
flames.

The results for propene are discussed in Figure 3.12 a), where simulations of
ignition delay times for stoichiometric (¢=1) conditions at 1 bar and fuel rich
conditions (¢=2) at 4 bar in the temperature range from 1500 to 1820 K were
performed (see table 3.2). The experimental data are taken from Qin et al.
(2001) [36] and Burcat and Radhakrishnan (1985) [35]. The measurements
of [35] show a longer ignition delay time than the one observed by Qin et al.
(2001) for similar conditions. A good agreement between simulation results us-
ing the updated model and experiments from [36] and [35] were found in this
study.

Figure 3.12 b) shows a comparison of modeling results and experimental igni-
tion delay times for propane by [31], [32], [33], and [34]. In general, a good
predictability of the mechanism is found for the different experimental condi-
tions at high temperatures. At lower temperatures, an offset is observed between
the experimental and calculated results due to the missing low temperature re-
action pathways for propane in the current version of the mechanism.

Simulations of premixed laminar flame speed using the updated thermodynamic
data from this study were performed and compared to experiments from Davis
and Law (1998) [42], Davis et al. (1999) [50], and Jomaas et al. (2005) [45] for
propene as fuel (Figure 3.13.a)), and from Egolfopoulos et al. (1991) [39], Boss-
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Mixture ¢  Temperature K  pressure (bar) Ref.
A 1.6% C3H6-D1/7.2% Oy in Ar 1 1500-1820 1 [36]
B 1.6% C3H6-D1/7.2% O, in Ar 1 1500-1820 1 [35]
C 0.8% C3H6-D1/7.2% O, in Ar 2 1440-1720 1 [36]
D 0.8% C3H6-D1/7.2% Oy in Ar 2 1440-1720 1 [35]
E_ 0.8% C3H8/8% O, in Ar 05 900-1400 60 [34]
F  4.16% C3H8/20.84% 02 in N2 1 1250-1550 4.2 [31]
G 2.1% C3H8/20.6% 02 in Ar 0.5 900-1330 4.6 [32]
H 2% C3H8/20.58% 02 in Ar 0.5 1250-1650 4.6 [33]

Table 3.2: Ignition delay time experiments used for propane and propene validation.

chaart and Goey (2004) [44], Hassan et al. (1998) [43], Jomaas et al. (2005) [45],
and Dirrenberger et al. (2011) [49] for propane as fuel (Figure 3.13.b)). No sig-
nificant influence of the updated thermodata on the prediction of the laminar
flame speed for propene/air and propane/air mixtures at 1 bar and 298 K in
an equivalence ratio range from 0.2 to 2.0 is observed. This indicates that the
Cg flame chemistry is less sensitive on thermodata of the Cq, Cq radical pool
compared to the ignition process.

Numerical calculation of burner-stabilized flames from C, hydrocarbon species
(1-butene (C4H8-D1), 2-butene (T-C4H8-D2) and iso-butene (C4H8-D1Me2))
were repeated using the updated thermodata from this study and compared to
the experimental and simulation results reported in Schenk et al. (2013) [8].
Main species profiles remained constant for all the flames, and it was found that
C3H6-D1 and C3H4-D1D2 isomers (allene and propyne) are the most sensitive
profiles to the thermodata changes.

Figure 3.14 shows propene (C3H6-D1) and C3H4-D1D2 isomers (allene and
propyne) mole fraction profiles for the three butene isomers, a decrease in the
prediction of C3H4-D1D2 mole fraction for the 7-butene (C4H8-D1) and 2-
butene (T-C4H8-D2) flames was observed in comparison to the profiles predicted
using the Schenk et al. (2013) [8] mechanism. No significant influence in the
prediction of iso-butene (C4H8-D1Me2) profile is observed. For propene (C3H6-
D1), an increase in the mole fraction for 2-butene (T-C4H8-D2) and iso-butene
(C4H8-D1Me2) is observed respectively, which results in an improvement of the
prediction of experimental measurements. 1-butene (C4H8-D1) mole fraction
profile shows a decrease in the molar fraction prediction, but it still remains in
the error range of the experimental measurement. Using the updated thermo-
data, the simulated profiles are closer to the experimental measurements.

Species enthalpy sensitivities on ignition delay times were calculated. We found
several species with significant sensitivities of their heat of formation, namely
propene (C3H6-D1), allyl (C3H5-R1D2), propyne (C3H4-D1D2), propargyl (C3H3-
R1T2), oxygen (0O2) and hydroperoxy radical (HO2) for propene auto ignition.
Propane (C3HS), propene (C3H6-D1), allyl (C3H5-R1D2), propargyl (C3H3-
R1T?2), ethyl radical (C2H5-R1), ethylene (C2H4-D1), methane (CH4), methyl
radical (CH3), oxygen (0O2) and hydroperoxy radical (HO2) were identified as
sensitive species for the propane auto ignition. A reaction rate sensitivity anal-
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Figure 3.12: a) Ezperimental and calculated ignition delay times. Mizture compo-
sitions, equivalence ratio, pressures, temperature range, and references
for experiments: e:A, V: B, 4: C, A: D, b)e: E,M: I, &: G N=0.5, A:
H N=1. N offset of 7. Lines are simulation results using the combina-
tion of thermodynamic data corresponding to species C2H5-R1, C3HS3-
RI1T2, C3H5-R1D2 and C38H6-D1 from this study.

ysis on ignition delay time was calculated before and after the update in the
thermodata and a direct influence on the reaction rate sensitivity results coming
from the change in the thermodata was found.

Thermodynamic data of Propene (C3H6-D1), allyl (C3H5-R1D2), propargyl
(C3H3-R1T2), and ethyl radical (C2H5-R1) molecules were calculated and re-
placed in the reaction mechanism. The thermochemisty was derived from a
combination of reliable molecular and spectroscopic properties, quantum chem-
ical calculations and consistency tests based on thermochemical networks. As
a result, a better agreement of model predictions of ignition delay times under
different experimental conditions was observed.
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a) Numerical and determined laminar flame speeds as a function of
the equivalence ratio for propene/air mizture at T, = 298 K and p=
1 atm. The black line shows calculations using the original scheme,
the gray dashed line shows calculations using the thermodynamic data
for C2H5-R1, C3H3-R1T2, C3H5-R1D2, C38H6-D1 calculated in this
Ezperiments: o [45], B [50] and A [42] b) Numerically and
determined laminar flame speeds as a function of the equivalence ratio
for propane/air mizture at T, = 298 K and p= 1 atm. The black line
shows calculations using the original scheme, the gray dashed line shows
calculations using the thermodynamic data for C2H5-R1, C3H3-R1T2,
C38H5-R1D2 and C3H6-D1 calculated in this study.

[43]), o [41]), ¥ [44], B [45], and A [49].
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Figure 3.14: Propene (C8H6-D1) and C3H4-D1D2 isomers (allene and propyne)
mole fraction profiles in premized-low pressure (40 mbar) flat argon-
diluted (25%) flame of the three butene isomers (¢=1.7). The sym-
bols represent the experimental measurements [8]:e iso-butene (C4HS-
DiMe2), B 2-butene (T-C4HS8-D2), & 1-butene (C4H8-D1). Filled
lines correspond to C4H8-D1Me2, dotted lines correspond to T-C4HS-
D2, and dashed lines correspond to C4H8-D1. Gray lines are the val-
idation using Schenk et al. (2018) [8] mechanism and black lines are
the validation using the updated thermodata from this study.
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Chapter 4

Combustion chemistry of
iIsomers of butane

In this chapter, chemistry for n-butane (C4H10) and iso-butane (C4H10-Me2)
on burner-stabilized flames, ignition delay times and laminar flame speed will
be revised. Thermodynamic data from chapter 3 has been included and most
of the C, species were updated, using the thermochemical data of the database
by Goos and Burcat (Goos et al. [9]).

a) b)

AN |

Figure 4.1: 3D model of butane molecules: a) n-butane [52] and b) iso-butane [53]

Butane is an alkane that has four carbon atoms with the formula C4H;(). There
are two structural isomers (see figure 4.1): a) an unbranched structure n-butane,
and b) a branched structure, iso-butane, also known as 2-methylpropane [1].

Fuel MW (g/mol) [ LHV (KJ/g) [ Bp (C) [ 7. (K) | RON | MON
n-CyHjy | 58.123 15.742 -0.5 2270 | 935 | 89
iso-C4Ho | 58.123 45.742 12 2246 | 100.1 | 96.8

Table 4.1: Physical and chemical properties of n-butane [52] and iso-butane [53].
RON and MON number [54]

The physical and chemical properties of both isomers ( [52], [53]) are presented
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in table 4.1. Both isomers are different compounds, iso-butane has higher RON
and MON number and is used by refineries to increase the octane number of
motor gasoline. Meanwhile, n-butane is known as an important component in
LPG and natural gas. Butanes are highly flammable, colorless, easily liquified
gases.

Several studies to understand the behavior of C4H10 isomers have been pub-
lished: premixed flat flames for m-butane and iso-butane were measured by
Osswald et al. 2011 [7] under equal fuel rich conditions at low-pressure. Tran et
al. 2017 [55] measured n-butane/oxygen/argon premixed flat flames at similar
conditions of [7]. Marinov et al. 1998 [56] measured an n-butane/oxygen,/argon
rich, sooting burner-stabilized flame at equivalence ratio ¢=2.6.

Laminar burning velocities were measured by Davis and Law 1998 [42], Boss-
chaart and de Goey [44], Hirasawa et al. 2001 [57], Dirrenberg et al. 2012 [49],
Tang et al. 2011 [58] and Wu et al. 2014 [59] for n-butane (C4H10) and iso-
butane at 298 K, ambient pressure, and equivalence ratios from 0.7 to 1.7. Veloo
et al. 2010 [60], and Wang et al. 2011 [61] measured the laminar flame speeds
for n-butane-air mixtures at 343 K and 403 K respectively at ambient pressure
and an equivalence ratio from 0.7 to 1.5.

Herbinet et al. 2011 [62], Dagaut et al. 2000 [63], Cathonnet et al. 1981 [64],
and Chakir et al. 1898 [65] studied the low-temperature oxidation of n-butane
in a jet-stirred reactor (JSR), using a range of temperatures from 550 to 1300K,
a pressure range from 1 to 10 bar, and an equivalence ratio from 0.15 to 2.0.
Dagaut et al. 2000 [66] studied the low-temperature oxidation of n-butane in a
JSR, using a range of temperatures from 1000 to 1300K, at atmospheric pres-
sure, and with an equivalence ratio ¢=1.

Burcat et al. 1971 [30], Horning et al. 2002 [67], and Healy et al. 2010 [68]
measured ignition delay times for n-butane at temperatures ranging from 950
to 1700 K, and pressures from 1 to 40 bar, using equivalence ratios from 0.3
to 2.0. Oehlschlaeger et al. 2004 [69] and Healy et al. 2010 [70] performed
measurements of iso-butane at at temperatures ranging from 950 to 2009 K,
pressures ranging from 1 to 30 atm, and equivalence ratios from 0.25 to 2.0.
Ogura et al. 2007 [71] and Donado et. al. 2009 [72] measured ignition delay
times of the isomers mixtures (n- and iso-butane) at temperatures ranging from
1050 to 1550 K, pressure of 2 bar and an equivalence ratio of ¢ =0.3-2.0.

Gersen et al. 2010 [73] studied the autoignition of n-butane and iso-butane.
The measurements were done in a Rapid Compression Machine in a tempera-
ture range from 660 to 1010 K, at pressures varying from 14 to 36 bar and at
equivalence ratios ¢=1.0 and ¢=0.5. Both butane isomers exhibit a negative-
temperature-coefficient (NTC) region and, at low temperatures, two-stage igni-
tion.

Oechlschlaeger et al. 2004 [74] studied the decomposition rates of iso-butane
and n-butane in the falloff regime at high temperatures in a shock tube using
UV narrow-line laser absorption of CH3 at 216.6 nm. Experimental conditions
ranged from 1297 to 1601 K and 0.20 to 8.8 atm with mixtures varying in

50



concentration from 198 to 400 ppm of iso-butane or n-butane diluted in argon.
Decomposition rate coefficients were determined by monitoring the formation
rate of CH3 immediately behind shock waves and modeling the CH3 formation
with detailed kinetic mechanisms.

4.1 High temperature chemistry for the C,H
isomers

In this section, the updated reaction rates that have been implemented for
the high temperature sub-mechanisms of n-butane (C4H10) and iso-butane
(C4H10-Me2) fuel molecules will be discussed in detail. Rate constants are
expressed in the form of the Arrhenius equation (see eq. 2.19) with the units
em?, mol, s, cal; —— indicates that only forward reaction is considered;
= indicates that also the reverse reaction is considered, as well as the data

to calculate the pressure dependency (see 2.1).

4.1.1 Class 1: Unimolecular fuel decomposition

n-butane (C4H10) and iso-butane (C4H10-Me2) unimolecular decomposition
rates for C—C bond breaking reactions were updated using the kinetic data
calculated by Oehlschlaeger et al. [74] whereby pressure dependency was pro-
vided by TROE formalism. Third body efficiencies were taken from Griffiths
and Barnard 1985 [75]. In order to compensate for the energy in the system,
a decrease of the pre-exponential factors for some reactions was implemented
(See tables 4.2 and 4.3).

In the case of reactions with C—H bond breaking, the study from Dean 1985 [76]
provided measurements for both linear isomers. The rates have also been in-
cluded in our model. Regarding the branched molecule, the rates have been
taken from the investigation of Curran et al. 2002 [77].

A n  Fa Ref
CAHI0 ( + M) <=> C2Hb-RI + C2H5-R1 ( + M) 2.092E+15 0.0 7.561E104 @
LOW/ 3.631E+18 0.0 4.958E-+04
TROE/ 0.72 1500.0 1.00E-07/
H2/ 1.0/H20/ 6.40/C0O2/ 1.50/02/ 0.45/N2/ 0.40/AR/ 0.35/ [75]
C4H10 ( + M) <=> C3H7-R1 + CH3 ( + M) 4.280E+14 0.0 6.990E+04  [74]
LOW/ 5.340E4+17 0.0 4.296E+04
TROE/ 0.72 1500.0 1.00E-07/
H2/ 1.0/H20/ 6.40/C0O2/ 1.50/02/ 0.45/N2/ 0.40/AR/ 0.35/ [75]
C4H10 <=> C4H9-R1 + H 1.580E+16 0.0 9.796E+04  [76]
C4H10 <=> C4H9-R2 + H 1.000E+16 0.0 9.499E+04 [76]

Table 4.2:  Unimolecular fuel decomposition for n-butane (C4H10). ¢: The pre-
exponential factor A is the original value from [74] by 1.3 uncertainty
factor.
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A n Ea Ref
C4H10-Me2 ( + M) <=> C3H7-R1 + CH3 ( + M) 7.550E-+15 0.0 7.991E4+04 ¢
LOW/ 3.766E+18 0.0 5.258 E+04
TROE/ 0.25 1500.0 1.00E-07/
H2/ 1.0/H20/ 6.40/C0O2/ 1.50/02/ 0.45/N2/ 0.40/AR/ 0.35/ [75]
C4H10-Me2 <=> C4H9-R1Me2 + H 2.510E+98 -23.81 1.453E+05 [77]
C4H10-Me2 <=> C4H9-R2Me2 + H 9.850E+95 -23.11 1.453E+05 [77]

Table 4.3:  Unimolecular fuel decomposition for iso-butane (C4H10-Me2). ¢: The
pre-exzponential factor A is the original value from [74] by 6.4 uncertainty
factor

4.1.2 Class 2: H-atom abstraction from fuel

Reaction rates change depending on the type of hydrogen atom that can be
abstracted from the alkyl radical (primary, secondary, or tertiary site). In this
model, ten radicals are considered: H, OH, O, CH3, HO2, CH30, 02, C2H3-
R1D1, C2H5-R1, and CH302. Reactions are expressed in equilibrium.

A n Ea Ref
C4H10 + H <=> C4H9-R1 + H2 2.640E+14  0.00 9.380E+03 a
C4H10 4+ H <=> C4H9-R2 + H2 3.920E+14 0.00 7.949E+03 a
C4H10 + O <=> C4H9-R1 + OH 2.260E+14 0.00 7.858E+03 b
C4H10 4+ O <=> C4H9-R2 + OH 1.124E+413  0.00 5.207TE+03 b
C4H10 4+ OH <=> C4H9-R1 + H20 2.695E+06 2.00 4.510E+02 ¢
C4H10 4+ OH <=> C4H9-R2 + H20 2.600E+06 2.00 -6.140E+02 ¢
C4H10 4+ HO2 <=> C4H9-R1 + H202 4.080E+01 3.59 1.716E-+04 [78]
C4H10 + HO2 <=> C4H9-R2 + H202 1.264E402 3.37 1.372E+04 [78]
C4H10 + CH3 <=> C4H9-R1 + CH4 1.300E+12 0.00 1.161E+04 [79]
C4H10 4+ CH3 <=> C4H9-R2 + CH4 8.000E+11  0.00 9.506E+03 [79]
C4H10 4+ 02 <=> C4H9-R1 + HO2 2.500E+13  0.00 4.901E+04 [79]
C4H10 4+ O2 <=> C4H9-R2 + HO2 4.000E+13 0.00 4.760E+04 [79]
C4H10 4+ CH30 <=> C4H9-R1 + CH30OH 3.000E+11 0.00 6.998E+03 [79]
C4H10 4+ CH30 <=> C4H9-R2 4+ CH30OH 6.000E+11 0.00 6.998E+03 [79]
C4H10 4+ CH302 <=> C4H9-R1 + CH302H 1.700E+4+13  0.00 2.046E-+04 [80]
C4H10 + CH302 <=> C4H9-R2 + CH302H 1.120E+13 0.00 1.770E+404 [80]

C4H10 4+ C2H3-R1D1 <=> C4H9-R1 + C2H4-D1 1.000E+12 0.00 1.800E+-04 [81]
C4H10 + C2H3-R1D1 <=> C4H9-R2 + C2H4-D1 8.000E+11 0.00 1.680E-+04 [81]
C4H10 + C2H5-R1 <=> C4H9-R1 + C2H6 3.162E+11 0.00 1.230E+04 [82]
C4H10 4 C2H5-R1 <=> C4H9-R2 4 C2H6 1.000E411 0.00 1.040E+04 [82]

Table 4.4: H-atom abstraction for n-butane (C4H10). ¢: The pre-exponential factor
is 2 times the original value from [83], b: The pre-exponential factor is
2 times the original value from [79], ¢: The pre-exponential factor is the
original value from [84] divided by 2.

The rates for n-butane (C4H10) are presented in table 4.4. Original rates were
taken from the work of Westbrook et al. 1989 [79]. Modifications were applied
as follows: H-atom rates were taken from the work of Baldwin and Walker [83].
OH-atom rates were updated from the work of Atkinson [84]. HO2 rates were
taken from the work of Aguilera et al. [78]. CH302 rates were taken from the
work of Carstensen et al 2007 [80]. C2H5-R1 rates were taken from Allara and
Shaw [82], and C2H3-R1D1 rates were written following n-heptane rules from
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Ahmed et al. 2007 [81]. Finally, H, O, and OH reaction rates have been ad-
justed within the experimental uncertainty in order to improve the prediction
of the mechanism.

The rates for iso-butane (C4H10-Me2) are presented in table 4.5. Original
rates are taken from Tsang et al. 1989 [85]. OH rates were updated using the
rates from Cohen et al. 1991 [86], HO2 rates were updated using the rates
from Aguilera et al 2008 [78] and CH302 rates were taken from the work of

Carstensen et al 2007 [80].

A n Ea Ref
C4H10-Me2 + H <=> C4H9-R2Me2 + H2 6.025E+05 2.40 2.583E+03 [85]
C4H10-Me2 + H <=> C4H9-R1Me2 + H2 1.810E406 2.54 6.75TE+03 [85]
C4H10-Me2 + O <=> C4H9-R2Me2 + OH 1.570E+05 2.50 1.113E+03 [85]
C4H10-Me2 + O <=> C4H9-R1Me2 + OH 4.280E+05 2.50 3.637E-03 [85]
C4H10-Me2 + OH <=> C4H9-R2Me2 + H20 5.140E4+06 1.90 -1.451E+01 ¢«
C4H10-Me2 + OH <=> C4H9-R1Me2 + H20 3.427E+07  1.80 1.451E+03 b
C4H10-Me2 + HO2 <=> C4H9-R1Me2 + H202 6.100E+01  3.59  1.728E+04 [78]
C4H10-Me2 + HO2 <=> C4H9-R2Me2 + H202 6.504E+02 3.01 1.210E+04 [78]
C4H10-Me2 + CH3 <=> C4H9-R2Me2 + CH4 0.904E+00 3.46 4.590E+03 [85]
C4H10-Me2 + CH3 <=> C4H9-R1Me2 + CH4 1.360E400 3.65 7.154E+04 [85]
C4H10-Me2 + 02 <=> C4H9-R1Me2 + HO2 4.040E+13 0.00 5.087TE+04 [85]
C4H10-Me2 + 02 <=> C4H9-R2Me2 + HO2 3.970E+13  0.00 4.390E+04 [85]
C4H10-Me2 + CH30 <=> C4H9-R1Me2 + CH30OH 4.820E+11 0.00 7.313E-+03 [85]
C4H10-Me2 + CH30 <=> C4H9-R2Me2 + CH30H 2.290E+10 0.00 2.881E+03 [85]
C4H10-Me2 + CH302 <=> C4H9-R1Me2 + CH302H 5.958E+02 3.75  1.690E-+04 [80]
C4H10-Me2 + CH302 <=> C4H9-R2Me2 + CH302H 2.620E+02  3.12 1.110E+04 [80]
C4H10-Me2 + C2H3-R1D1 <=> C4H9-R1Me2 + C2H4-D1 1.360E+4+00 3.65 5.167TE+03 [85]
C4H10-Me2 + C2H3-R1D1 <=> C4H9-R2Me2 + C2H4-D1 0.904E+00 3.46 2.603E+03 [85]
C4H10-Me2 + C2H5-R1 <=> C4H9-R1Me2 + C2H6 1.390E400 3.65 9.141E+04 [85]
C4H10-Me2 + C2H5-R1 <=> C4H9-R2Me2 + C2H6 0.540E+00 3.46 5.962E-+03 [85]

Table 4.5: H-atom abstraction for iso-butane (C4{H10-Me2). *: The pre-exponential

factor is 2 times the original value from [86].

factor is the original value from [86] by 1.5

b.

4.1.3 Class 3: Alkyl radical decomposition

The pre-exponential

The rates for n-butane (C4H10) and iso-butane (C4H10-Me2) are presented
in table 4.6. This reaction class is characterized by the breakdown of the C—C
and C—H bond in -position of the carbon atom carrying the radical center [87].
Original rates for the linear and branched molecules are taken from Chakir et
al. 1989 [65] and Tsang 1989 [85] respectively. Updated rates were taken from
the work of Curran 2006 [88].
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A n Ea Ref
C4H9-R1 <=> C2H4-D1 + C2H5-R1 2.500+13 0.00 2.880E+04  [65]

C4H9-R1 <=> H + C4H8-D1 1.260E+13  0.00 3.860E+04  [65]
C4H9-R2 <=> H + T-C4HS8-D2 2.850E+11 0.34 3.552E+04  [88]
C4H9-R2 <=> H + C4H8-D1 2.990E+11  0.00 3.682E+04  [88]
C4H9-R2 <=> CH3 + C3H6-D1 9.582E+10 1.04 3.036E+04 [88]

C4H9-R2Me2 <=> H + C4H8-D1Me2 8.300E+13  0.00 3.815E+04  [85]
C4H9-R1Me2 <=> C3H6-D1 + CH3 9.504E+11 0.773 3.070E+04 [88]
C4H9-R1Me2 <=> C4H8-D1Me2 + H 1.710E+13 0.12 3.368E+04  [8§]

Table 4.6:  Alkyl radical decomposition for n-butane (C4H10) and iso-butane
(C4H10-Me2).

4.1.4 Class 4: Alkyl radical + O2 direct formation of olefin
and HO2

This class allows the alkyl radical to react via several pathways adding the O2.
The elimination of RO2 produces the conjugated alkene. Reaction rates are
presented in table 4.7. Original values are taken from Chakir et al. 1989 [65]
and Curran et al. 2002 [77].

A n Ea Ref
C4H9-R1 + 02 <=> HO2 + C4H8-D1 1.000E+12 0.00 2.006E+03 [65]
C4H9-R2 + 02 <=> HO2 + C4H8-D1 2.000E+12 0.00 4.490E+03 [65]
C4H9-R2 + O2 <=> HO2 + T-C4H8-D2 5.000E+12 0.00 4.251E4+03 ¢
C4H9-R2 + 02 <=> HO2 + C-C4H8-D2 5.000E+12 0.00 4.251E+4+03 ¢

C4H9-R2Me2 + 02 <=> C4H8-D1Me2 + HO2  7.500E-19 0.00 5.020E403 [77]
C4H9-R1Me2 + O2 <=> C4H8-D1Me2 + HO2 1.500E-19 0.00 2.000E403 [77]

Table 4.7:  Alkyl radical + O2 for n-butane (C4H10) and iso-butane (C4H10-Me2).
@: The pre-exponential factor is the original value from [65] by 4.

4.1.5 Class 5: Alkyl radical isomerization

The alkyl radical can transfer any H-atoms to the radical site [77]. This reaction
occurs through the formation of a cyclic transition state that usually includes
four to eight carbon atoms. he reaction rate depends on the type of bond that
needs to be broken, and on the distance from the ring. For these small molecules,
the rates were taken from the work of Matheu et al. 2003 ( [89]).

A n Ea Ref
C4H9-R1 <=> C4H9-R2 3.560E+10 0.88 3.730E+04 [89]
C4H9-R1 <=> C4H9-R2 3.800E+10 0.67 3.660E+04 [89]

C4H9-R1Me2 <=> C4H9-R2Me2 3.560E4+10 0.88 3.464E404 [89]

Table 4.8: Alkyl radical isomerization for n-butane (C4{H10) and iso-butane (C4H10-
Me2).

Abstraction reactions from olefin (class 6), Alkenyl radical decomposition (class
8), and olefin decomposition (class 9) are presented in the following chapter
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combustion chemistry of the butene isomers, where the chemistry of but-
1-ene (C4H8-D1), (Z)-but-2-ene (T-C4H8-D2), and iso-butene (C4H8-D1Me2)
are discussed in detail.

The mechanism used for flame simulations in the present study consists of 277
species and 1387 irreversible reactions (forward and backward reactions are ac-
counted for separately as individual, irreversible reactions). The kinetic, ther-
modynamic and transport data are available on the supplementary material. All
calculations were performed with the current version of the LOGEsoft software
package [26].

4.2 Experiments

In the present study, m-butane and iso-butane as fuel were validated against
premixed flat flames, ignition delay times and laminar flame speed experiments.

Osswald et al. 2011 [7] measured n-butane and iso-butane premixed flat flames
under equal fuel rich (¢=1.71) conditions at low-pressure (40 mbar). Laminar
burning velocities were validated against measurements done by Hirasawa et
al. 2001 [57], Dirrenberg et al. 2012 [49], Tang et al. 2011 [58] and Wu et al.
2014 [59] for n-butane at 298 K, ambient pressure, and equivalence ratios from
0.7 to 1.5. Davis and Law 1998 [42], Bosschaart and de Goey [44] measured
n-butane and iso-butane as fuel at 298 K, ambient pressure, and equivalence
ratios from 0.6 to 1.7. Veloo et al. 2010 [60], and Wang et al. 2011 [61] mea-
sured the laminar flame speeds for n-butane/air mixtures at 343 K and 403 K
respectively, ambient pressure and an equivalence ratio from 0.7 to 1.5.

Autoignition experiments of butane isomers and their mixtures have been in-
cluded in this study. Burcat et al. 1971 [30], Healy et al. 2010 [68], and Ogura
et al. 2007 [71] were used for n-butane validation at temperatures ranging from
950 to 1700 K, pressures ranging from 1 to 40 bar and equivalence ratios from
0.3 to 2.0. Healy et al. 2010 [70] and Ogura et al. 2007 [71]| performed mea-
surements of iso-butane at temperatures ranging from 950 to 2009 K, pressures
ranging from 1 to 30 atm and equivalence ratios from 0.3 to 2.0. Ogura et al.
2007 [71] investigated the ignition behavior of pure n-butane and iso-butane
and its mixtures (70%C4H10/ 30%C4H10-Me2, 50%C4H10/50%C4H10-Me2,
and 30%C4H10/70%C4H10-Me2) at 2 bar, at temperatures ranging from 1050
to 1550 K and equivalence ratio of 0.72.

4.3 Burner-stabilized flame validation of n-butane
(C4H10) and iso-butane (C4H10-Me2).

The results regarding species profiles measured in a burner-stabilized flame
will be discussed in this section. Experimental conditions from Osswald et
al. 2011 [7] for n-butane and iso-butane were simulated using the Freely propa-
gating module. For the simulation, the overall mass conservation equation and
N-1 species conservation equations are solved, where N is the total number of
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species. The energy equation is solved is solved by means of a given temperature
profile. by the means of a given temperature profile. The diffusion transport
coefficient was calculated by the mixture-averaged diffusion method. The gas
composition, pressure and disturbed temperature profiles were given as input
parameters. Measured temperature profiles were used as parameterized input
curves without any shift between measurement and simulation. Both flames
have the same experimental conditions, the n-butane flame has a 100 K higher
temperature peak in comparison to the iso-butane flame.
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Figure 4.2: Integrated flow analysis of n-butane (C4H10) consumption. The thick-
ness of the arrows indicates the contribution of the respective pathway to
the total flux of C-atoms (contributions of the destruction of the individ-
ual molecule are indicated by percentages next to the arrows) [7].

Figures 4.2 and 4.3 show the detailed flow analysis for n-butane (C4H10) and
iso-butane (C4H10-Me2) respectively. Main fluxes for the discussion are pre-
sented. The thickness of the arrow is approximately scaled to represent the flux
of C-atoms from one species to another. The contribution of individual path-
ways in consuming a chemical species are indicated by the percentages next to
the arrows. The flux analysis was filtered in a C-atom. Fluxes below 10% of
the total flow are not shown.
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Some differences can be observed by comparing both schemes. n-butane (C4H10)
decomposition is initiated by hydrogen abstraction forming 70.91% 2-butyl rad-
ical (C4H9-R2) and 27.7% 1-butyl radical (C4H9-R1). 72.9% 2-butyl radical de-
composes via C-C S-scission to propene (C3H6-D1) and methyl radical (C4H9-
R2 = C3H6-D1 + CH3). 46.9% of propene decomposes via H-abstraction to
forms allyl radical (C3H5-R1D2), which by further oxidation contributes to the
C; and Cy routes. 27.7% 1-butyl radical via C-C (-scission forms ethene (C2H4-
D1) and 46.2% of ethyl radical (C2H5-R1) (C4H9-R1 = C2H4-D1 + C2H5-R1).
87.9% of ethene (C2H4-D1) undergoes oxidation by H-atom abstraction to give
vinyl radical (C2H3-R1D1), which by further dehydrogenation forms acetylene
(C2H2). 61.3 % of acetylene decomposes to ethynyloxidanyl (HCCO). Further
oxidation follows via Formaldehyde (CH20) and bicarbonate (HCO), contribut-
ing to carbon monoxide (CO) and carbon dioxide CO2.

59.8% 37.9%

24.7%
4H9-R1Me2,
C4H9-R2Me2

741% 81.64%

462%
@ 231% Eans-DIMe

) Em 57.68%

41.8%

71.2%

84.9%

88.6% @ 89.45%
X 323%

60.9%

Figure 4.3: Reaction path analysis for iso-butane (C4H10-Me2) flame. The contribu-
tion of individual pathways in consuming a species are indicated by per-
centage next to the arrows; C-atom fluzes below 10% are not shown [7].

For the iso-butane (C4H10-Me2) flame, the decomposition is initiated by H-
atom abstraction where 59.8% forms iso-butyl radical (C4H9-R1Me2) and 37.9%
forms ¢-butyl radical (C4H9-R2Me2). 74.1% of iso-butyl radical forms propene
(C3H6-D1) and methyl radical (CH3) via C-C f-scission. Propene contributes
to Cy, Cy and Cg routes. 81.64% of t-butyl radical via H-atom abstraction
forms iso-butene (C4H8-D1Me2), which triggers H-atom abstraction to form 2-
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methylallyl radical (C4H7-R1D2Me2), further contributing to Cq and Cy routes.
Reactions towards acetylene (C2H2) and ethynyloxidanyl (HCCO), and further
oxidation then proceeds towards CO and CO2. Thermal decomposition can be
neglected.

Experiments will be presented below along with the modeling results of selected
species mole fraction profiles following the reaction pathways identified for the
two fuels in the flow analysis.

4.3.1 Major Species

Major species profiles (butane, 02, Ar, CO, CO2, H2, and H20) have been com-
pared for both flames. The model can predict the major species mole fractions
well. Equilibrium mole fractions are reached in the exhaust gases, therefore the
temperature profile can be assumed to be the correct one. No position shift has
been applied between the experiment and the model.
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Figure 4.4: Major species mole fractions plotted vs. height above the burner (HAB);
a) n-butane (C4H10) flame and b) iso-butane (C{H10-Me2) flame. The
symbols are from the EI-MBMS experiment [7]; lines represent simula-
tions with the model. mole fractions are shown in the erhaust.

4.3.2 Intermediate species

In this section, the model and experimental results obtained are discussed by
comparing the trends between both butane fuels. Figure 4.5 shows the C, in-
termediates, represented by the formula C,Hg (iso-butene (C4H8-D1Me2), 1-
butene (C4H8-D1), trans-2-butene (T-C4H8-D2), and cis-2-butene (C-C4HS-
D2)) and the formula C4Hg (1,3-Butadiene (C4H6-D1D3) and 1,2-Butadiene
(C4H6-D1-D2)), as products of dehydrogenation reactions.

The predicted mole fraction of C4Hg isomers from the model matches the peak
position and magnitude. Here we can observe that the iso-butane flame pro-
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Figure 4.5: Mole fraction profiles of C4H8 and C4H6 isomers. Symbols represent

experimental data: n-butane (C4H10) (o) and iso-butane (C4{H10-Me2)
(M) flame. Solid lines represent modeling results and the corresponding
bars show the experimental error.

duces a higher amount of C4Hg, which comes mainly from iso-butene (C4HS-
D1Me2).Conversely, in the n-butane flame the amount is lower by a factor 4 and
mainly originates from linear isomers 1-butene and 2-butene. To understand
these results better, the flow analysis on Fig. 4.3 demonstrates that the initial
decomposition of iso-butane follows a path via t-butyl radical (C4H9-R2Me2),
which forms C4H8-D1Me2 by H-atom abstraction removal. By observing the
analysis for n-butane (see Fig. 4.2), it is observed that the main decomposition
pathway favors the path to 2-butyl radical (C4H9-R2), which will favor C3 and
Cq reaction pathways.

The experimental results show that C4Hg corresponds mainly to 1,3-butadiene
in both flames, being 26% higher for the iso-butane flame. This is a very in-
teresting observation since there are no direct dehydrogenation pathways that
lead to 1,3-butadiene (C4H6-D1D3) in the iso-butane flame. Modeling results
are in good agreement with respect to the peak position, and 1-3-butadiene is
the isomer with the highest predicted concentration, which is consistent with
the experimental findings.

Figure 4.6 shows the mole fraction profiles of some unsaturated species, such
as: acetylene (C2H2), vinylacetylene (C4H4-D1T3) and diacetylene (C4H2-
T1T3). Mole fraction measurements are very similar for both flames. In the
case of acetylene, the profiles are in good agreement with the experimental
values at the peak. Similar consistent shapes and peak positions can be ob-
served for C4H2-T1T3 and C4H4-D1T3. Diacetylene (C4H2-T1T3) has a devi-
ation of factor 3 with respect to the experimental results for both flames and
vinylacetylene(C4H4-D1T3) by factor 2. Peak and shape are in good agreement
with the experimental measurement, considering that the model prediction is
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within the experimental error limit.
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Figure 4.6: Mole fraction profiles of selected unsaturated species: acetylene (C2H2),
vinylacetylene(C4H4-D1T3) and diacetylene (C4H2-T1T3). Symbols
represent experimental data: n-butane (C4{H10) (o) and iso-butane
(C4H10-Me2) (M) flame. Solid lines represent modeling results and the
corresponding bars show the experimental error.

Results corresponding to unsaturated species CgHy and CgHy are presented
in Figure 4.7. CgHg according to the model and experimental measurements
corresponds to hexa-1,5-diyne-3-ene. It shows a good agreement in shape and
position of the peak with a deviation factor 2 from the experimental results.
Regarding CgHy, several isomers are possible, but the energy scan of mass 76
does not allow unambiguous identification because of poor signal-to-noise ratio
[7]. The model includes two radicals, namely: hexa-1,5-diyne-3-ene or hexa-
1,3-diyne-5-ene (C6H4-D3T1T5) as well as cyclic benzyne (CYC6H4-D1D3T5).
Further development of the model to predict Cg growth of linear and branched
products depends primarily on reliable species identification as provided by the
GC analysis. However, the development of a full Cg sub-mechanism for linear
and branched species is beyond the scope of the present work.
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Figure 4.7: Mole fraction profiles of selected unsaturated species CgzHy and 06H4'
Symbols represent experimental data: n-butane (C4H10) (o) and iso-
butane (C4H10-Me2) M) flame. Solid lines represent modeling results
and the corresponding bars show the experimental error.

4.3.3 Smaller decomposition pathways

Figure 4.8 shows main Cg and Cg species which are a very important decompo-
sition pathway for both flames. Decomposition of C, via C-C scission may lead
to a combination of C3+C; and Co+Cy species. Propene (C3H6-D1) can be
formed from both fuels via H-atom abstraction. For n-butane, it is formed from
2-butyl radical (C4H9-R2) and for iso-butane it is done via iso-butyl radical
(C4H9-R1Me2).

o C4H9-R2 <=> C3H6-D1 + CH3
o C4H9-R1Me2 <=> C3H6-D1 + CH3

In both flames, almost the same amount of propene was detected while slightly
higher values were measured for iso-butane. The mole fraction of allyl radical
(C3H5-R1D2) follows the same trend as propene. The decomposition pathway
is the result of H-atom abstraction. The propene mole fraction is 9% over-
predicted by the model for n-butane and 23% under-predicted by the model for
1so-butane. The trends as well as the peak locations match well in the simula-
tions. As seen in Figure 4.2, Cq species production is favored in the n-butane
flame due to SB-scission of I-butyl radical (C4H9-R1) radical towards ethene
(C2H4-D1) and ethyl radical (C2H5-R1). In this model, ethene (C2H4-D1) is
under-predicted by 30% for the n-butane flame.

Figure 4.9 shows some important oxygenated species. Formaldehyde (CH20)
was found in both flames in similar concentrations. The model can predict
the mole fraction for both fuels with a deviation of 30% for n-butane and 50%
for iso-butane flame. The model shows excellent agreement of the peak mole
fraction ratio for all species. The profile maxima and shape are well predicted,
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Figure 4.8: Mole fraction profiles of propene (C8H6-D1), allyl radical (C38H5-R1D2),

ethyl radical (C2H5-R1), and ethene (C2H4-D1).Symbols represent ez-
perimental data: n-butane (C4HI10) (o) and iso-butane (C4HI10-Me2)
(M) flame. Solid lines represent modeling results and the corresponding
bars show the experimental error.

62



except for HCO, where significant differences between model and experiment
are seen in the cooler regime close to the burner. Ketene (C2H20-K1D1) is
under-predicted by 60% for both flames. Acethaldehyde (C2H40-All) is over-
pedicted by 60% in both flames. All the profiles are within the experimental
€erTor.
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Figure 4.9: Mole fraction profiles of selected oxygenated species formaldehyde
(CH20), HCO, acetaldehyde (C2H40-Al1), and ketene (C2H20-K1D1).
Symbols represent experimental data: n-butane (C4H10) (o) and iso-
butane (C4H10-Me2) (M) flame. Solid lines represent modeling results
and the corresponding bars show the experimental error.

Methy radical (CH3), ethane (C2H4-D1) and methane (CH4) are presented in
figure 4.10. All species profiles can reproduce the shape and peak of the mole
fraction. For methane, the model under-predicts the mole fraction by 30% and
40% for n-butane and iso-butane respectively. Ethane (C2HG6) is a recombi-
nation product of methyl radical (CH3). In this case, the prediction of the
mole fraction for iso-butane is very good and differs from the measurement
by 3%. There is a 40% over-prediction for n-butane. The methyl radical is
over-predicted by a factor 3 in both flames. Considering that these species are
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formed along minor pathways in both flames (see flow analyses 4.3 and 4.2), the
prediction is reasonable.
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Figure 4.10: Mole fraction profiles of methyl radical (CHS3), ethane (C2HG6) and
methane (CHY{). Symbols represent experimental data: n-butane
(C4H10) (o) and iso-butane (C4H10-Me2) (M) flame. Solid lines repre-
sent modeling results and the corresponding bars show the experimental
error.

Figure 4.11 presents some soot precursors: propargyl (C3H3-R1T2), C3Hy iso-
mers, CgHg isomers, and toluene (A1CH3). In the plot, CgHy shows the sum
of allene (C3H4-D1D2) and propyne (C3H4-T1). For iso-butane, almost only
allene was detected, where the mole fraction is double in the n-butane flame
as in the iso-butane flame. The shape and absolute mole fraction are in good
agreement with the model. There are deviations of 20% for n-butane and 11%
for iso-butane respectively. Propargyl (C3H3-R1T2) is not well captured by
the model. The peak is in the right position but the model over-predicts the
n-butane mole fraction by factor 3 and the iso-butane flame by factor 2. Re-
combination of propargyl leads to formation of benzene. CgHg isomers are
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benzene (A1) and fulvene (FC6HG6). The peak and shape of the mole fractions
are in good agreement with the experimental measures but the model under-
predicts the experimental results by factor 2 for n-butane and iso-butane. The
methyl radical and benzene lead to toluene, where peak and shape are in good
agreement with the experimental measurement. There is a deviation of 35% for
n-butane flame and a deviation of 54% for iso-butane .
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Figure 4.11: Mole fraction profiles of selected soot precursor species propargyl (C8HS-
RI1T2), 03H4 isomers, CgHg isomers and toluene (A1CH3). The sym-

bols represent experimental data: n-butane (C4H10) (o) and iso-butane
(C4H10-Me2) (M) flame. Solid lines represent modeling results and the
corresponding bars show the experimental error.
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4.4 Ignition delay time and laminar flame speed
validation for n-butane (C4H10) and iso-butane
(C4H10-Me2)

The mechanism with the updated thermo chemistry has been further validated
against several shock tube experiments and laminar flame speeds.
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Figure 4.12: FEzxperimental and calculated ignition delay times. Mixture composi-
tions, temperature range, equivalence ratio, pressures and references for
experiments: a) 0.96% C4H10 in Ar, 1000-1450 K, ¢$=0.5; e: 1 atm,
¢: 8.3 atm, and A: 18.4 atm. b) 1.595% C4H10 in Ar, 950-1450 K,
¢=0.5; ®: 1.6 atm, #: 8.3 atm, and A: 19.7 atm. c) 3.183% C4H10 in
Ar, 950-1500 K, ¢=1.0; o: 1.73 atm, ¢: 8.3 atm, A: 18.7 atm, and B:
40 atm. d) 6.0706% C4H10 in Ar, 1000-1500 K, $=2.0; : 1.6 atm,
¢: 7.9 atm, and A: 18.7 atm. The lines are simulation results and the
symbols are experiments by Healy et al. (2010) [68].

66



The results for n-butane (C4H10) are discussed in Figure 4.12. Simulations
were carried out for ignition delay times for different stoichiometries (¢= 0.3,
0.5, 1.0, and 2.0) as a function of the pressure (1 to 40 atm) in the temperature
range from 1050 to 1500 K. The experimental data are taken from Healy et al.
(2010) [68]. Figures 4.12 a) and b) show ignition delay times for lean conditions
(¢= 0.3 and 0.5), where pressure dependency and trends are well predicted by
the mechanism. At 1 atm and ¢$=0.3 and 0.5, slightly faster ignition delay times
are predicted by the model at 1250 K. At higher pressure (19.7 atm) and ¢=0.5,
the model predicts faster ignition delay times than experimental measurements
at 1428 K.

For the stoichiometry condition (¢=1.0), in the pressure range from 1.7 to 18.7
atm, slope and pressure dependency are well represented by the model. At 40
atm the model predicts slightly faster ignition delay times (see Figure 4.12 c).
Finally, for rich mixtures (¢=2.0), a very good agreement between model pre-
dictions and experiments was found in this study (see Figure 4.12 d).
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001 Lo il b il L
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Figure 4.13: Ignition delay times of 2.5%C/H10 in Ar, $=1.0 at 10 atm and a
temperature range from 1000 to 1400 K. The lines are simulation results
and the symbols are experiments: & by Healy et al. (2010) [68] and A
by Burcat et al. 1971 [30].

Figure 4.13 shows the experimental measurements of n-butane (C4H10) in Ar,
¢=1.0 at 10 atm and a temperature range from 1200 to 1400 K by Burcat et
al. 1971 [30]. The same conditions were tested by Healy et al. 2010 [68] and
the temperature range was extended from 1000 to 1400 K. Both experimental
measurements are in good agreement and the model has a good agreement with
the experimental measurements.

Ignition delay times for iso-butane (C4H10-Me2) for different equivalence ratios
(¢= 0.3, 0.5, 1.0, and 2.0) as a function of the pressure (1-40 atm) in a temper-
ature range from 950 to 1600 K were measured by Healy et al. 2010 [70]. The
simulation results for these conditions are shown in Figure 4.14 for lean condi-
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tions ( $=0.3 and 0.5, see Figure 4.14 a) and b)). The model captures very well
the trend and the pressure dependency; nevertheless, all the predicted ignition
delay times are slightly faster than the experimental measurements. Figures
4.14 ¢) and d) show the results for stoichiometric (¢= 1.0) and rich conditions
(¢= 2.0) respectively. Slope and pressure dependency are well represented by
the model. At high pressure (35.83 atm), the predicted ignition is faster than
the experimental measurements.
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Figure 4.14: FEzperimental and calculated ignition delay times. Mizture composi-
tions, temperature range, equivalence ratio, pressures and references
for experiments: a) 0.96% C4H10-Me2 in Ar, 1100-1500 K, ¢$=0.3; e:
1.79 atm, &: 8.32 atm, and A: 18.45 atm. b) 1.595% C4H10-Me2 in
Ar, 1000-1500 K, ¢=0.5; o: 1.88 atm, &: 8.75 atm, A: 18.75 atm,
and B: 84.25 atm. c) 3.185% C4H10-Me2 in Ar, 950-1500 K, ¢=1.0;
o: 0.9/ atm, &: 7.96 atm, A: 19.2 atm, and B: 35.83 atm. d) 6.08%
C4H10-Me2 in Ar, 1000-1600 K, ¢p=2.0; o: 1.58 atm, &: 7.81 atm,
and A: 17.62 atm. The lines are simulation results and the symbols are
experiments: by Healy et al. 2010 [70].
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Figure 4.15: Ignition delay times of n-butane, iso-butane and its mixtures in Ar,
¢=0.72 at 2 bar and a temperature range from 1250 to 1500 K. The
lines are simulation results and the symbols are experiments: by Ogura
et al. 2007 [71]; e: 100% C4H10-Me2 in Ar, &: 30% CLH10/70%
C4H10-Me2 in Ar, A: 50% C4H10/50% C4H10-Me2 in Ar, o: 50%
C4H10/50% C4H10-Me2 in Ar, and &: 100% C4H10 in Ar.

Figure 4.15 shows pure n-butane, iso-butane and its mixtures in Ar at a lean
equivalence ratio ¢ = 0.72, 2 bar and a temperature range from 1250 to 1500
K. The mechanism can predict well the transition from pure n-butane to iso-
butane. It has been experimentally proven that ignition delay times for iso-
butane are longer than for n-butane ( [68], [70], [71]). This model can repro-
duce the same behavior. n-butane model predictions are slightly slower than
experimental measurements.

Premixed laminar flame speed simulations using the updated model for the n-
butane/air mixture at T,,= 298 K and p= 1 atm were performed and compared
to experiments from Davis et al. 1998 [42], Hirasawa et al. 2002 [90], Dirrenberg
et al. 2011 [49], Bosschart et al. 2004 [44], Tang et al. 2011 [58], and Wu et al.
2014 [59] (300 K). A good agreement with respect to the experimental points
is observed (see Figure 4.16 a)). For very rich mixtures, the predicted laminar
flame speed follows the measurements of Dirrenberg et al. 2011 [49].

Figure 4.16 b) shows premixed laminar flame speed simulations for a n-butane/air
mixture at p= 1 atm and T,,= 343 K and 403 K. The model was compared
to experiments from Veloo et al. 2010 [60] (343 K) and Wang et al. 2011 [61]
(403 K), respectively. The simulation results follow experimental measurements
after phi= 1.2. In the lean side of the flame, the model is faster than the exper-
imental measurements.

A calculated iso-butane / air mixture at p = 1 and T,, = 298 K and experimental
profiles are presented in figure 4.17. Experiments from Davis et al. 1998 [42]
and Bosschart et al. 2004 [44] were used for comparison purposes. In general,
the laminar flame speeds predicted by the model are in the upper limit for the
lean side. After an equivalence ratio of 1.2, the velocity decreases compared to
the experimental measurements.
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a) Numerically determined laminar flame speeds as a function of the
equivalence ratio for n-butane/air mixture at T,,= 298 K and p= 1 atm.
The black lines are simulation results in this study. Ezperiments by: e
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mizture at p= 1 atm and T,,= 343 K and 403 K. The lines show simu-
lations results in this study. Experiments by: A Veloo et al. 2010 [60]
(843 K) and @ Wang et al. 2011 [61] (403 K).
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Chapter 5

Combustion chemistry of the
butene isomers

In this chapter, thermodynamic data from chapter 3 and 4 are used to recal-
culate the data from Schenk et al. (2013) [8] and the influence of the updated
chemistry for butene (C4Hg) isomers on burner stabilized flames, ignition delay
times and laminar flame speed will be discussed. Allyl abstraction was included
in the mechanism and rates were taken in analogy to those presented in the
work of Nawdiyal 2018 [10].

Butenes are alkenes that have four carbon atoms with the formula C4Hg and
a double bond in their molecules. There are four structural isomers shown
in fig. 5.1. But-7-ene (C4HS8-D1) is an unbranched structure, iso-butene
(C4H8-D1Me2) is a branched structure, (Z)-but-2-ene (T-C4H8-D2) and (E)-
but-2-ene (C-C4H8-D2) are the simplest alkene molecules that show cis/trans-
isomerism [1].

Physical and chemical properties of both isomers are presented in table 5.1.
Molecular weight and low heating value are similar for all the isomers. The
boiling points of trans/cis isomers are very close, and for that reason, it is
difficult to separate them by distillation in two products. cis-butene has the
higher RON number followed by n-butene and finally by iso-butene.

Fuel MW (g/mol) | LHV (KJ/g) | Bp (C) | T, (K) | RON | MON
n-C4H8 56.11 45.319 -6.47 2204 99 80.8
iso-C4H8 56.11 45.319 -6.9 1972 88 87
tTans-C4H8 56.11 45.319 0.9 2328 - 83
cis-C4H8 56.11 45.319 3.7 2332 100 -
Table 5.1: Physical and chemical properties of but-1-ene (C4HS8-D1), iso-butene

(C4H8-D1Me2), (Z)-but-2-ene (T-C4H8-D2),

C4HS-D2) [1].

Industrial uses of butene isomers cover
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Figure 5.1: 3D model of butene molecules: but-1-ene (C4HS8-D1) [91], iso-butene
(C4H8-D1Me2) [92], (Z)-but-2-ene (T-C4HS8-D2) [93], and (E)-but-2-
ene (C-C4H8-D2) [94]

e [so-butene: fuels and fuel additives, intermediates, lubricants and lubri-
cant additives, solvents [92],

e n-butene: adhesives and sealant chemicals, fuels and fuel additives, inter-
mediates, plasticizers and process regulators [91],

o trans-2-butene: fuels, fuel additives, and intermediates [94] and

e cis-2-butene: fuels, fuel additives and intermediates [93].

Methods of production are mainly recovery from Cy stream in petroleum re-
fining. Gas mixtures containing considerable iso-butene are obtained by frac-
tionation of refinery gases resulting from cracking petroleum [92]. Gases with
an appreciable content of 7-butene along with other butene and butane hydro-
carbons are obtained by fractional distillation of refinery gas and can also be
produced directly from ethylene [91]. T-C4H8-D2 (trans) is obtained by ex-
tractive distillation of the butane/butylene fraction produced by cracking crude
oil [94]. C-C4H8-D2 (cis) gases containing appreciable concentrations of cis-
butene-2, along with other butene and butane hydrocarbons, are obtained by
fractional distillation of refinery gas [93].

In the last years, several experimental measurements have been conducted to
understand the oxidation process of the butene isomers as fuel. Dias and Van-
doren 2010 [95] studied a lean iso-butene/oxygen/argon flame of equivalence
ratio ¢=0.225 at low pressure (40 mbar). Schenk et al. 2013 [8] presented
measurements of the three butene isomers (I-butene, trans-2-butene and iso-
butene) under fuel-rich (¢ = 1.7) conditions and low-pressure (40 mbar). Ex-
perimental data shows different destruction pathways for the butene isomers
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and the different combustion behavior of the isomeric flames.

Curran et al. 1992 [96], Bauge et al. 1998 [97], and Yasunaga et al. 2009 [9§]
measured ignition delay times for iso-butene in a range of temperatures from
1000 to 1900 K, of pressure from 2 to 10.5 bar and equivalence ratios from 0.4
to 3.0. Heyberger et al. 2002 [99] and Pan et al. 2015 [100] measured ignition
delay time for n-butene in a range of temperatures from 1000 to 1950 K, pres-
sures from 1.2 to 16 bar and equivalence ratios from 0.5 to 2.0.

Dagaut and Cathonnet 1998 [101], Bauge et al. 1998 [97] studied the oxidation
of iso-butene in a jet-stirred reactor at high temperature and pressures from 1
to 10 atm, and the equivalence ratio was varied from 0.15 to 6. Fenard et al.
2015 [102] studied the oxidation of trans-2-butene in a jet-stirred reactor from
900 to 1450 K at atmospheric pressure, over a range of equivalence ratios from
0.5 to 2.0.

Laminar burning velocities were measured by Davis and Law 1998 [42] for 1-
butene and iso-butene at 298 K, ambient pressure, and equivalence ratios from
0.6 to 1.7; by Zhao et al. 2014 [103] for I-butene, iso-butene and trans-2-butene
at 298 K, normal and elevated pressures (1, 2, 5 and 10 bar), and equivalence
ratios from 0.7 to 1.8, and by Fenard et al. 2015 [102] for trans-2-butene at 300
K, ambient pressure and equivalence ratios from 0.7 to 1.4.

5.1 High-temperature chemistry of C Hg isomers

In this section, updates in the reaction rates that have been implemented for the
high-temperature sub-mechanisms of but--ene (C4H8-D1), iso-butene (C4H8-
D1Me2), and (Z)-but-2-ene (T-C4H8-D2) fuel molecules published in Schenk
et al. 2013 [8] will be discussed in detail. Rate constants are expressed in the
Arrhenius equation form (see eq. 2.19) k = AT? - exp (_Pf;?) with the units
em?, mol, s, cal. -> indicates that only forward reaction is considered; <=>
indicates that also the reverse reaction is considered and the data to calculate

the pressure dependency (see table 2.1).

5.1.1 Class 1: Unimolecular fuel decomposition

Fuel consumption at high temperatures is initiated by C—C and C—H bond
cleavage as discussed in Curran et al. 1998 [104] and Ahmed et al. 2007 [81]).
Reaction rates for but-1-ene (C4H8-D1), (Z)-but-2-ene (T-C4H8-D2) and iso-
butene (C4H8-D1Me2) are presented in table 5.2.

The rate corresponding to C—C bond breaking reaction

C3H5-R1D2 + CH3 ( + M) <=> C4H8-D1 ( + M) was updated following the
suggestion of Wang et al. [105] and the rate corresponding to reaction
C4H8-D1 <=> C2H3-R1D1 + C2H5-R1 followed the suggestion from Chakir et
al. [106]. Furthermore, the reaction rates from Chakir et al. [106] were followed
for (Z)-but-2-ene (T-C4H8-D2). Finally, the reaction rates from Yasunaga et
al. [98] were followed for iso-butene (C4H8-D1Me2).
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Reactions A n Ea Ref

C3H5-RID2 + CH3 ( + M) <—> C4H8DI ( + M) 1.100E+14 -0.32  -2.620E102 [105]
LOW / 3.910E+60 -12.81 6.250E-+03

TROE / 0.104 1.606E+03 6.00E+04 6.118E+03

C4H8-D1 <=> C2H3-R1D1 + C2H5-R1 2.000E+18 -1.00 9.678E-+04 [106]
C4H8-D1 <=> H + C4H7-R1D3 4.110E+18 -1.00 9.738E-+07 [106]
C4H8-D1 <=> H + C4H7-R3D1 1.260E+15 0.00 8.250E+04 [76]

T-C4H8-D2 <=> H + C4HT7-R3D1 4.110E+18 -1.00 9.738E-+04 [106]
T-C4H8-D2 <=> CH3 + C3H5-R1D2 6.500E+13  0.00 7.125E+04 [106]
C4H8-D1Me2 <=> C3H5-R2D1 + CH3 3.300E+21 -1.2 9.772E+04 [98]

C4H8-D1Me2 <=> C4H7-R1D2Me2 + H 1.500E+15 0.00 8.340E-+04 [98]

Table 5.2: Unimolecular fuel decomposition reaction rates for but-1-ene (C4H8-D1),
(Z)-but-2-ene (T-C4HS8-D2) and iso-butene (C4H8-D1Me2).

5.1.2 Class 2: H-atom abstraction from fuel

H-atom abstraction from the fuel molecules can take place at primary, sec-
ondary, tertiary and allyl sites forming alkenyl radicals. Vinylic site abstractions
are not considered in the development of this model. Tables 5.3 and 5.4 show
the reaction rates corresponding to but-1-ene (C4H8-D1) and (Z)-but-2-ene (T-
C4H8-D2) respectively, where rates from Chakir et al. [106] have been applied.
Nine radicals, H, OH, O, CH3, HO2, CH30, 02, C2H5-R1, and C4H7-R3D1

are considered, and reactions are expressed in equilibrium.

For linear fuels, the formation of two different radicals, namely But-3-en-1-yl
radical (C4H7-R1D3) and But-3-en-2-yl (C4H7-R3D1) have been considered.
These radicals were introduced in the work of Schenk et al. 2013 [8], where
no differences between the allyl, primary or secondary H-atom abstraction re-
action rates were applied in the model. In this work, a correction to the orig-
inal reaction rates for the allylic position (formation of But-3-en-2-yl radical
(C4H7-R3D1)) was implemented following the recommendation from Mehl et
al. 2008 [107] and further Nawdiyal 2018 [10]. The original activation energy
was decreased by 2000 cal compared to the activation energy of the primary
C-H atom abstraction for all considered radicals and no correction for the pre-
exponential factor was needed.

Reaction rates corresponding to iso-butene (C4H8-D1Me2) are presented in
table 5.5. Twelve radicals were considered: H, OH, O, CH3, HO2, 02, C3H5-
R1D2, C3H5-R2D1, CH30, CH302, and C2H3-R1D1. Reactions are expressed
in equilibrium. Updates using newer data available in the literature were done
as follows. For the OH radical, the work of Sun and Law 2010 [110] was imple-
mented. The methyl radical (CH3) rate was taken from the work of Yasunaga
et al. 2009 [98]. The HO2 radical was updated using the rate from Zador et
at. 2011 [111]. The O2 radical was updated using the rate from Chen and
Bozzeli 2000 [112]. The C2H3-R1D1 radical reaction rate was updated using
the coefficients from Goldsmith et al. 2009 [109].
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A

H + C4H8-D1 <=> C4H7-R1D3 + H2 5.000E+13  0.00
H + C4H8-D1 <=> C4H7-R3D1 + H2 5.000E+13  0.00
O + C4H8-D1 <=> OH + C4H7-R1D3 1.300E+13  0.00
O + C4H8-D1 <=> OH + C4H7-R3D1 1.300E+13  0.00
OH + C4H8-D1 <=> C4H7-R1D3 + H20 1.750E+13  0.00
OH -+ C4H8-D1 <=> C4H7-R3D1 + H20 1.750E+13  0.00
CH3 + C4H8-D1 <=> CH4 + C4H7-R1D3 1.00E-+11 0.00
CH3 + C4H8-D1 <=> CH4 + C4H7-R3D1 1.00E+11 0.00
C4H8-D1 + 02 <=> HO2 + C4H7-R1D3 4.000E+12  0.00
C4H8-D1 + 02 <=> HO2 + C4H7-R3D1 4.000E+12  0.00
HO2 + C4HS8-D1 <=> H202 + C4H7-R1D3 1.000E+11  0.00
HO2 + C4H8-D1 <=> H202 + C4H7-R3D1 1.000E+11  0.00
C2H5-R1 + C4H8-D1 <=> C2H6 + C4H7-R1D3 1.000E+11  0.00
C2H5-R1 + C4H8-D1 <=> C2H6 + C4H7-R3D1 1.000E+11  0.00

C3H5-R1D2 + C4H8-D1 <=> C3H6-D1 + C4H7-R1D3 8.000E+10  0.00
C3H5-R1D2 4 C4HS8-D1 <=> C3H6-D1 + C4H7-R3D1 8.000E+10  0.00
C4H7-R3D1 + C4H8-D1 <=> C4H7-R1D3 + T-C4H8-D2  3.980E+10 0.00
C4H7-R3D1 + C4H8-D1 <=> C4H7-R1D3 + C-C4H8-D2 3.980E+10 0.00

Ea Ref
3.893E+03  [106]
1.893E+403 ¢
4.490E+03  [106]
2.490E+4+03 ¢
6.950E+03  [106]
4.950E+03 ¢
7.309E+03  [106]
5.309E4+03 ¢
3.998E+04  [106]
3.798E+04 ¢
1.705E+04  [106]
1.505E4+04 ¢
8.001E+03  [106]
6.001E+03 ¢
1.240E+04  [106]
1.040E+04 ¢

1.240E+04  [106]
1.240E+04  [106]

Table 5.3: H-atom abstraction reaction rates for but-1-ene (C4H8-D1). *: Activation
energy decreased by 2000 cal from its original value following Nawdiyal

2018 [10].

A n Ea Ref
H + T-C4H8-D2 <=> C4H7-R3D1 + H2 7.000E4+12 0.00 1.487TE+03 @
OH + T-C4H8-D2 <=> C4H7-R3D1 + H20 6.021E+01 3.19 1.516E4+03 [108]
CH3 + T-C4H8-D2 <=> C4H7-R3D1 + CH4 1.000E+11 0.00 6.192E+03 @
O + T-C4H8-D2 <=> C4HT7-R3D1 + OH 1.300E+13 0.00 2.490E+403 @
02 +T-C4H8-D2 <=> C4H7-R3D1 + HO2 4.000E+12 0.00 3.798E+04 ¢
HO2 + T-C4H8-D2 <=> C4H7-R3D1 +H202 1.000E+11 0.00 1.505E+04 ¢
C2H3-R1D1 + T-C4H8-D2 <=> C4H7-R3D1 + C2H4-D1  3.880E+03 2.80 5.400E+03 [109]
C2H5-R1 + T-C4H8-D2 <=> C4H7-R3D1 + C2H6 1.000E+11 0.00 6.001E+03 ¢

Table 5.4: H-atom abstraction reaction rates for (Z)-but-2-ene (T-C4HS8-D2). ©: Ac-
tivation energy decreased by 2000 cal from its original value following

Nawdiyal 2018 [10]..

A n Ea Ref
C4H8-D1Me2 + H <=> C4H7-R1D2Me2 + H2 1.724E+14  0.00 8.000E+03 [85]
C4H8-D1Me2 + O <=> C4H7-R1D2Me2 + OH 1.75E+11 0.70 5.882E+03 [85]
C4H8-D1Me2 + OH <=> C4HT7-R1D2Me2 + H20 3.860E+01  3.59 -1.071E+03  [110]
C4H8-D1Me2 + CH3 <=> C4H7-R1D2Me2 + CH4 1.510E+12  0.00 1.000E+04 [98]
C4H8-D1Me2 + HO2 <=> C4H7-R1D2Me2 + H202 0.292E+00 4.12 1.280E+04 [111]
C4H8-D1Me2 + 02 <=> C4HT7-R1D2Me2 + HO2 9.300E+08 1.301  4.094E+404 [112]
C4H8-D1Me2 + C3H5-R1D2 <=> C4HT7-R1D2Me2 + C3H6-D1  7.940E-+11  0.00 2.050E+04 [77]
C4H8-D1Me2 + C3H5-R2D1 <=> C4HT7-R1D2Me2 + C3H6-D1  7.940E+11  0.00 2.050E+04 [77]
C4H8-D1Me2 4+ CH30 <=> C4H7-R1D2Me2 + CH30H 8.990E+01 2.95 1.198E+04 [85]
C4H8-D1Me2 4+ CH302 <=> C4HT7-R1D2Me2 + CH302H 1.990E+12  0.00 1.710E+04 [85]
C4H8-D1Me2 + C2H3-R1D1 <=> C4HT7-R1D2Me2 + C2H4-D1  7.230E+11 0.00 4.3720E403  [109]

Table 5.5: H-atom abstraction reaction rates for iso-butene (C4/H8-D1Me2).
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5.1.3 Class 3: Alkenyl radical decomposition

Table 5.6 shows the reaction rates corresponding to the alkenyl radical decom-
position, where a diene and a H-atom or two small molecules are formed. For
But-3-en-1-yl radical (C4H7-R1D3) and But-3-en-2-yl radical (C4H7-R3D1),
the original rates from Chakir et al. 1989 [106] were kept in the model. In
the case of the 2-Methylallyl radical (C4H7-R1D2Me2), the rate coefficient for
the reaction C4H7-R1D2Me2 <=> C3H4-D1D2 + CH3 was updated using the
suggestion of Zheng et al. 2005 [113].

A n Ea Ref
C4HT7-R1D3 <=> H + C4H6-D1D3 1.200E+14 0.00 4.930E+04  [106]
C4H7-R1D3 <=> C2H3-R1D1 + C2H4-D1 1.000E+11 0.00 3.700E+4+04 [106]
C4H7-R3D1 <=> H + C4H6-D1D3 1.200E4+14 0.00 4.930E+04 [106]
C4H7-R1D3 <=> C3H4-D1D2 + CH3 1.000E4+11 0.00 3.700E+04 [106]

C4H7-R1D2Me2 <=> C3H4-D1D2 + CH3  7.100E+10 1.38 5.636E+04 [113]

Table 5.6: Alkenyl radical decomposition reaction rates for but-1-ene (C4H8-D1),
(Z)-but-2-ene (T-C4HS8-D2) and iso-butene (C4H8-D1Me2).

5.1.4 Class 4: Alkenyl radical + O2 direct formation of
di-olefin and HO2

In this class, the alkyl radical reacts via O2 and H, giving a conjugated alkane
[81]. Reaction rates are presented in table 5.7. Original rates for But-3-en-1-yl
radical (C4H7-R1D3) and But-3-en-2-yl (C4H7-R3D1) were taken from Chakir
et al. 1989 [106]. The rate coefficient for 2-Methylallyl radical (C4H7-R1D2Me2)
was updated using the rate proposed by Curran et al. 2002 [77].

A n Ea Ref
C4H7-R1D3 + 02 <=> HO2 + C4H6-D1D3 1.000E+11 0.00 0.000E400 [106]
C4H7-R3D1 + 02 <=> HO2 + C4H6-D1D3 1.000E+11 0.00 0.000E400 [106]
H + C4H7-R1D3 <=> C4H6-D1D3 + H2 3.160E+13 0.00 0.000E-+00 [106]
H + C4H7-R3D1 <=> C4H6-D1D3 + H2 3.160E+13 0.00 0.000E-+00 [106]

Table 5.7: Reaction rates for direct formation of olefin.

5.1.5 Class 5: Alkene isomerization

The alkenyl radical can transfer any H-atoms to the radical site [81]. This
reaction occurs through the formation of a cyclic transition state which usually
includes four to eight atoms of carbons. The reaction rate depends on the type
of bond that needs to be broken, and the distance formed from the ring. Table
5.8 shows rates for but-1-ene (C4H8-D1), (Z)-but-2-ene (T-C4H8-D2) and iso-
butene (C4H8-D1Me2) that were taken from the work of Chakir et al [106].
Beside these changes, newly calculated reaction rates from Li et al. [114], [115]
for H-atom addition to the ¢rans-2-butene and addition to 7-butene respectively
(R522: T-C4H8-D2 + H <=> C3H6-D1 + CH3 and

R509: C4H8-D1 + H <=> C3H6-D1 + CH3) were implemented in the model.
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A n Ea Ref
C4H8-D1 <=> T-C4H8-D2 4.000E+11 0.00 5.995E4+04 [106]
C4H8-D1 <=> C-C4H8-D2 4.000E+11 0.00 5.995E4+04 [106]
C-C4H8-D2 <=> T-C4H8-D2 1.000E+13 0.00 6.196E+04 [106]

Table 5.8: Alkene isomerization reaction rates.

The mechanism used for simulations in the present study consists of 277 species
and 1387 irreversible reactions. The mechanism file, thermodynamic file, and
transport-data file are available in the Supplementary Material.

5.2 Experiments

In this work, the chemistry of the butene isomers was validated considering the
experimental work detailed next. Measurements of the three butene isomers
(I-butene, trans-2-butene and i-butene) under fuel-rich (¢ = 1.7) conditions
and low-pressure (40 mbar) by Schenk et al. 2013 [8]. Shock tubes measure-
ments for iso-butene done by Curran et al. 1992 [96], Bauge et al. 1998 [97],
and Yasunaga et al. 2009 [98] in temperatures ranging from 1000 K to 1900
K, pressures from 2 to 10.5 bar and equivalence ratios from 0.4 to 3.0. Shock
tubes measurements for I-butene done by Heyberger et al. 2002 [99] and Pan
et al. 2015 [100], and Li et al. [115] in temperatures ranging from 1000 to 1950
K, pressures from 1.2 to 50 bar and equivalence ratios from 0.5 to 2.0. Shock
tubes measurements for 2-butene from Li et al. [114] in temperatures ranging
from 1000 to 1900 K, pressures from 10 to 50 bar and equivalence ratios from
0.5 to 2.0. Finally, laminar burning velocities were measured by Davis and Law
1998 [42] for I-butene and iso-butene at 298 K, ambient pressure, and equiv-
alence ratios from 0.6 to 1.7, Zhao et al. 2014 [103] for I-butene, iso-butene
and trans-2-butene at 298 K, normal and elevated pressures (1, 2, 5 and 10
bar), and equivalence ratios from 0.7 to 1.8, and Fenard et al. 2015 [116] for
trans-2-butene at 300 K, ambient pressure and equivalence ratios from 0.7 to
1.4.

5.3 Burner-stabilized flame validation of C Hg
isomers: 1-butene (C4H8-D1), trans-2-butene
(T-C4H8-D2), and iso-butene (C4H8-D1Me2).

In this section, burner-stabilized flame experiments of 1-butene, trans-2-butene,
and iso-butene with a composition of butene/oxygen/argon (16.5 mol%/58.5
mol%/25.0 mol%) (¢=1.7) at 40.0 mbar and 300 K performed by Schenk et
al. [8] were used to extend and validate the C4 subset of the chemical model.

Flow analysis for butene fuels are presented in Figs. 5.2, 5.3, and 5.4. Nor-
mally, the destruction pathways of fuel molecules is characterized by C-C bond
cleavage or abstraction of H-atom by small radicals (H, O, OH, etc.) from
the hydrocarbon backbone [8]. The flow analysis visualizes the flow of carbon
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atoms. Percentage numbers presented in the figures are the number of C-atoms
consumed by the respective reaction from the reactant molecule to the product
molecule(s). The flux is normalized with the total flux of carbon atoms con-
sumed by reactions with the reactant molecule. The figures filtered out minor
reaction pathways, and the numbers do not total 100% [§].

Decomposition of 7-butene (C4H8-D1) (see Fig. 5.2) is initiated by H-atom
abstraction from the fuel molecule in allyl position and H-atom abstraction
in primary position forming 21% of but-3-en-2-yl (C4H7-R3D1) and 16.5% of
but-3-en-1-yl (C4H7-R1D3) radicals, respectively. These radicals decompose
to form 1,3-butadiene (C4H6-D1D3). Butadiene contributes to C4 backbone
via a subsequent dehydrogenation chain. The second most important destruc-
tion channel is the formation of 38.1 % of propene (C3H6-D1) and 10.04% of
methyl (CH3) (R509: C4H8-D1 + H <=> C3H6-D1 + CHS3), contributing to
the Cg destruction pathway. Final oxidation is achieved through Cg9 and Cy
reaction sequences. Ethene (C2H4-D1) marks the start of the Cq route. It re-
acts via the vinyl radical (C2H2) and the ketyl radical (HCCO). Finally, the Cy
chain begins with methyl (CH3), which reacts to form 23.2% of formaldehyde
(CH20). Formaldehyde contributes mainly to formyl radical (HCO) towards
CO and CO2. There are a lot of connections between the C; and Cq paths,
and both routes are fed from different species of the C4 and the Cg destruction
channels.

Figure 5.3 shows the trans-2-butene (T-C4H8-D2) flow analysis. The H-induced
breakdown towards propene is the dominating consumption pathway for this fuel
(R522: T-C4H8-D2 + H <=> C3H6-D1 + CH3) forming 60.7% of propene. The
second destruction pathway is H-atom abstraction of the fuel molecule to form
15.2% of but-3-en-2-yl (C4H7-R3D1), which via H-atom abstraction forms 63.7
% of 1,3-butadiene (C4H6-D1D3) contribuiting to the C4 destruction route.
The final oxidation follows the same reaction channels for C and Cy decompo-
sition as in the I-butene (C4H8-D1) flame. The C, destruction pathway seems
of minor importance for this fuel compared to the 7-butene flame.

Flow analysis corresponding to iso-butene (C4H8-D1Me2) is presented in Fig-
ure 5.4. Compared to the other two butene isomers, iso-butene has a branched
structure which influences the decompositions pathways. The main reaction
pathway is the H-atom abstraction from the methyl group forming 43.8% of
2-methyl allyl radical (C4H7-R1D2Me2). 2-methyl allyl radical via C-C scission
forms 66.1% of allene (C3H4-D1D2). A second decomposition pathway is the
H-atom addition to the fuel forming 24% of iso-butyl radical (C4H9-R1Me2).
iso-Butyl radical decompositon will contribute with 74.45% of propene (C3H6-
D1) formation, which will further contribute to the C3 species pool. The direct
formation of propene from iso-butene is not implemented as a single-step reac-
tion (see tables 5.2-5.8). A third reaction pathway is the C-C bond breaking
forming 9.14% of C3H5-R2D1 and 3.9% of methyl radical. C3H5-R2D1 further
dehydrogenation opens a pathway to propyne (C3H4-T1).

Due to the fuel structure, it is not possible to achieve a sequential dehydro-

genation to form 1,3-butadiene and the related C, products. In this flame, C4
hydrocarbons must be formed from growth products [8]. Looking at the flow,
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Figure 5.2: Integrated flow analysis of 1-butene (C4HS8-D1) consumption. The thick-

ness of the arrows indicates the contribution of the respective pathway to
the total flux of C-atoms (contributions of the destruction of the individ-
ual molecule are indicated by percentages next to the arrows) [8].
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63.7%

Figure 5.3: Integrated flow analysis of trans-2-butene (T-C4HS8-D2) consumption.
The thickness of the arrows indicates the contribution of the respective
pathway to the total flur of C-atoms (contributions of the destruction
of the individual molecule are indicated by percentages next to the ar-
rows) [8].
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2-methyl-/-butene (C5H10-D1Me2) is formed from 2-methyl allyl radical with
methyl recombination. 2-methyl-7-butene opens a C4 route that has low rele-
vance for this flame. Consumption of the Cg species pool is similar to the other
isomers and occurs via C{ and Cy compounds.

34.7%

Figure 5.4: Integrated flow analysis of iso-butene (C4H8-D1Me2) consumption. The
thickness of the arrows indicates the contribution of the respective path-
way to the total flux of C-atoms (contributions of the destruction of the
individual molecule are indicated by percentages newt to the arrows) [8].

The next section includes the discussion of major species together with tem-
perature profiles and most important intermediate species profiles following the
reaction pathways explained before.

5.3.1 Major Species

Figure 5.5 shows major species profiles (butene, 02, Ar, CO, CO2, H2, and
H20) for the three flames together with the perturbed temperature profiles
that were used as input parameters for the calculations. Global combustion
behavior is similar for three isomers. Nevertheless, a difference around 150
K less is observed for the iso-butene flame. This temperature difference can
be explained by a lower heat of combustion (C4H8-D1: AH2=2716 k.J/mol,
T-C4H8-D2: AH{=2707 kJ/mol, C4H8-D1Me2: AHZ=2699 k.J/mol [117])
together with an increment in the flux against the burner surface, given that
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the reaction zone of the iso-butene flame is located slightly closer to the burner
surface [§].
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Figure 5.5: Magjor species mole fractions vs. height above the burner (HAB); a) 1-
butene (C4H8-D1), b) trans-2-butene (T-C4HS8-D2), and c) iso-butene
(C4H8-D1Me2); the symbols are from the EI-MBMS experiment from
Schenk et al. [8], and the lines are taken from simulations with the model.

Major species are well predicted by the model for all butene isomers. A de-
viation between simulation and experiment is observed for the trans-2-butene
flame, which could be explained by the lower pumping efficiency for H2 [8]. Re-
sults are within the experimental error and no additional shift was applied for
comparison, neither to the modeling results nor to the perturbed temperature
profile. Note that the experimental species profiles may be affected by the per-
turbance of the flow field by the nozzle. This effect is most distinct for small
burner-to-cone distances. Measured data points at heights of h=1 mm from the
burner surface are therefore less reliable.

5.3.2 Intermediate species

Cg chemistry plays an important role in the decomposition of butene fuels. Ex-
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perimental and modeling profiles for propene (C3H6-D1) are shown in Figure 5.6
¢). A slight over-prediction of the model was observed for trans-2-butene, while
a closer agreement for I-butene and iso-butene was observed. The iso-butene
profile shape and peak position are very good considering that the H-induced
propene channel for iso-butene is not included in the model (Dias et al. [95]
describe the direct H-induced formation of propene as an important reaction
pathway for an iso-butene lean flame). Flow analysis shows how 1-butene and
trans-2-butene flames form propene directly. For trans-2-butene, propene repre-
sents the major destruction pathway of the fuel. Propene is formed by [-scission
of the iso-butyl radical (C4H9-R1Me2), which results from reaction
R597:C4H9-R1Me2 = C4H8-D1Me2 + H (see Figure 5.4).

The mole fraction of CgHg isomers, namely allyl radical (C3H5-R1D2) and
propen-2-yl radical (C3H5-R2D1) is shown in Figure 5.6 b). A good agreement
for all the butene isomers is observed. Profile shapes show a good correspon-
dance, with the exception of the peak position in the iso-butene flame where a
small shift (lower than 0.5 mm) was observed. In all flames, the allyl radical
is mainly formed by H-atom abstraction from propene via the reverse reaction
R303 (H + C3H5-R1D2 <=> H2 + C3H6-D1). For the iso-butene flame, the
propen-2-yl radical C3H5-R2D1, a radical formation is favored.

The allyl radical undergoes an isomerization to propen-2-yl radical (C3H5-
R2D1) and via S-scission of the central C-H bond to form allene (C3H4-D1D2).
Allene and its isomer propyne (C3H4-T1) are not distinguishable in the EI-
MBMS experiment but may be separated in the GC mode [8]. Profiles corre-
sponding to the total C3H, mole fraction (model and experiment) are presented
in Figure 5.6 a). Mole fractions are slightly under-predicted for all flames but
within the experimental error. Allene isomerizes to form most of the propyne in
all flames. The iso-butene flame has a dominant pathway via C3H5-R2D1 that
forms propyne directly.

C5Hy species further dehydrogenation may produce propargyl radicals (C3H3-
R1T2), which are known as important benzene and soot precursor species in
most flames. Figure 5.7 a) shows propargyl radicals (C3H3-R1T2) mole predic-
tions compared to experimental data where the model slightly under-predicts the
experimental measurements. Figure 5.7 b) shows CgHg isomers mole fractions
where the highest concentrations were detected in iso-butene flames, followed
by those in the 1- and trans-2-butene flames (half of the amount). Benzene
(Al) is the dominant molecule. Mole fraction in the three flames correlates
directly with the propargyl radical mole fraction detected. Measurements are
comparable to those for iso-butane flame [7], while the amount observed in the
saturated linear n-butane flame is, again, a factor of 2 lower than the one for
the branched isomer [8]. Toluene (A1CH3) is another important soot precursor.
Mole fractions are shown in Figure 5.7 ¢), where a good agreement between
experiments and model predictions is observed. Toluene is formed in the linear
flames mainly from R1150:C4H7-R3D1 + C3H4-T1 -> A1CH3 + H2 + H and
branched from R1146: C4H7-R1D2Me2 + C3H4-T1 -> A1CH3 + H2 + H. Both
rates were taken from the work of Wang et al. [105].

Hydrogen abstraction from the fuel produces C,Hy radicals. Figure 5.8 a) shows
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Figure 5.6: Mole fraction profiles of a) 03H4 isomers: allene (C3H}-D1D2) and
propyne (C3H4-T1), b) C3H5-R1D2 isomers: allyl radical (C3H5-R1D2)
and propen-2-yl radical (C8H5-R2D1), and c) propene (C3H6-D1). The
symbols represent erperimental data and the lines represent modeling re-
sults in a 1-butene (C4H8-D1) (#), trans-2-butene (T-C4HS8-D2) (A),
and iso-butene (C4H8-D1Me2) (o) flame. The corresponding bars show
the experimental error.
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a comparison between the model prediction (sum of all C4H~ isomers) and ex-
perimental measurements. C4Hr isomers are: secondary radical but-3-en-2-yl
(C4H7-R3D1), primary radical but-3-en-1-yl (C4H7-R1D3), and 2-methyl al-
lyl radical (C4H7-R1D2Me2). For the I-butene flame, the model predicts 22
% more C4H7-R3D1 compared to C4H7-R1D3. It shows that resonant stabi-
lization of C4H7-R3D1 is more important than the path following the primary
radical. The trans-2-butene flame only forms C4H7-R3D1 radical by abstrac-
tion of the H-atom in the methyl group. Finally, for the iso-butene flame,
C4H7-R1D2Me?2 is primarily formed by the abstraction of a methyl-H from the
fuel. The highest C4H~ experimental concentration is observed in the iso-butene
flame, followed by the trans-2-butene and finally the 1-butene flame. The model
predictions are within the experimental error for all the flames showing a good
shape and peak position.

C4H7 linear radicals can decompose via further H-atom abstraction to C4Hg
species. The model includes two isomers 1,3-butadiene (C4H6-D1D3) and 1,2-
butadiene (C4H6-D1-D2). 1,3-butadiene (C4H6-D1D3) is the dominant isomer,
which is formed from C4H7-R3D1 and C4H7-R1D3 by [-scission of the respec-
tive C-H bond. This is not possible in the iso-butene flame because the C4H7-
R1D2Mez2 radical cannot directly form any linear C4Hg isomer, which explains
why the flame has the lowest molar fraction compared to the linear butenes
(see Figure 5.8 b). Quantitative model prediction is within experimental error
and the profile shape is quite well captured. The I-butene flame shows a slight
over-prediction of the C4Hg mole fraction. The trans-2-butene and the iso-
butene flames are nonetheless under-predicted. Experimentally, 1,3-Butadiene
was identified as the dominant isomer in all flames, whereas only minor con-
tributions of 1,2-butadiene, 1-, and 2-butyne were detected [8]. In all butene
flames, 1,3-Butadiene is the dominant C4Hg isomer making the C, destruction
pathway similar in all flames. Looking at Figures 5.2 to 5.4, it is seen that
butadiene may be destroyed via subsequent dehydrogenation until the C4 chain
breaks apart to contribute to Cy species pool. Figure 5.9 shows mole fraction
profiles for a) vinylacetylene (C4H4-D1T3), b) diacetylene (C4H2-T1T3), and
¢) acetylene (C2H2).

1,3-butadiene (C4H6-D1D3) may form 1,3-butadiene-1-yl radical (C4H5-R1D1D3)
by H-abstraction in the primary carbon

(R954: H + C4H6-D1D3 <=> C4H5-R2D1D3 + H2) and 1,3-Butadiene-2-yl
radical (C4H5-R2D1D3) by H-atom abstraction on the allylic carbon

(R943:H + C4H6-D1D3 <=> C4H5-R1D1D3 + H2). Both radicals react to
form vinylacetylene. Furthermore, the fission of the C-C bond in 1,3-butadiene
forms two vinyl radicals, which contribute to the Co route. Both the exper-
imental result and the model prediction show a good agreement for iso- and
1-butene and under predictions for 2-butene.

In analogy to C4Hjy isomers, H-atom abstraction from vinylacetylene contributes
to the C4Hg isomers formation (C4H3-R1D1T3 and/or C4H3-R2D1T3) via the
following reactions:

e R885: H + C4H4-D1T3 <=> C4H3-R2D1T3 + H2, and
e R884: H + C4H4-D1T3 <=> C4H3-R1D1T3 + H2
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Figure 5.7: Mole fraction profiles of selected soot precursor species: a) propargyl
(C3H3-R1T2), b) CyzHg isomers: fulvene (FC6HG6) and benzene (A1),
and c) toluene (A1CHS). The symbols represent experimental data and
the lines represent modeling results in a 1-butene (C4HS8-D1) (¢), trans-
2-butene (T-C4HS8-D2) (A), and iso-butene (C4{HS8-D1Me2) (o) flame.
The corresponding bars show the experimental error.
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Figure 5.8: Mole fraction profiles of: a) C’4H7 isomers: but-3-en-2-yl (C4HT-
R3D1), but-3-en-1-yl (C4H7T-R1D3), and 2-methyl allyl radical (C4H7-
R1D2Me2). b) C4H6 isomers: 1,3-butadiene (C4H6-D1D3) and 1,2-
butadiene (C{H6-D1-D2). The symbols represent experimental data and
the lines represent modeling result in a 1-butene (C4H8-D1) (¢), trans-
2-butene (T-C4HS8-D2) (A), and iso-butene (C4H8-D1Me2) (o) flame.
The corresponding bars show the experimental error.

C4H3-R1D1T3 radical decomposes via a C-H bond scission to form diacetylene
(C4H2-T1T3) (R853: H + C4H2-T1T3 <=> C4H3-R1D1T3), while C4H3-
R2D1T3 tends to decompose via a C-C bond scission to form acetylene (R869:
H + C4H3-R2D1T3 <=> 2 C2H2), which is the termination of this reaction
chain. A good agreement between experiment and model is observed in Fig. 5.9
¢). Acetylene concentrations do not show a dependence on the respective fuel
structure.

Methyl radical (CH3), methane (CH4), ethane (C2H6), and ethene (C2H4-D1)
are shown in Figure 5.10. Model prediction and profile shapes are in good
agreement with experimental results for all C; and C9 compounds. Methyl is
over-predicted for all the flames while methane matches very well all the differ-
ent butene isomers. Together with acetylene, ethane and ethene represent the
Cq reaction chain. Experimental concentrations for ethane (See Figure 5.10)
are very similar for 7-butene and 2-butene, and lower for the iso-butene flame.
The model can reproduce well this behaviour. Finally, ethane mole fractions
show a shape similar to the experimental results, where trans-2-butene reaches
a maximum concentration earlier than the other two isomers. Concentrations
are slightly over-predicted by the model.

Some oxygenated products are presented in Figure 5.11 where formaldehyde
profiles (see Figure 5.11 a)) show a slight under-prediction for 2-butene and
iso-butene. Methanol (see Figure 5.11 b)) shows a good prediction of the ex-
perimental profiles compared to the modeling results, while under-predictions
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Figure 5.9: Mole fraction profiles of some C’4 fuel decomposition products: a) viny-
lacetylene (C4H4-D1T8), b) diacetylene (C4H2-T1T3), and c) acetylene
(C2H2). The symbols represent experimental data and the lines represent
modeling results in a 1-butene (C4H8-D1) (¢), trans-2-butene (T-C4HS-
D2) (A), and iso-butene (C4H8-D1Me2) (o) flame. The corresponding
bars show the experimental error.
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Figure 5.10:

Mole fraction profiles of some Cy and Cyq fuel decomposition prod-
ucts: a) methyl (CH3), b) methane (CH4), c) ethene (C2H4-D1), and
d) ethane (C2H6). The symbols represent erperimental data and the
lines represent modeling results in a 1-butene (C4HS8-D1) (¢), trans-
2-butene (T-C4HS8-D2) (A), and iso-butene (C4HS8-D1Me2) (o) flame.
The corresponding bars show the experimental error.
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Figure 5.11: Mole fraction profiles of some ozxygenated products: a) formaldehyde
(CH20), b) methanol (CH30H), c¢) ketene (C2H20-K1D1) and d) ac-

etaldehyde (C2H40-All). The symbols represent experimental data and
the lines represent modeling results in a 1-butene (C4HS8-D1) (¢ ), trans-
2-butene (T-C4HS8-D2) (A), and iso-butene (C4HS8-D1Me2) (o) flame.

The corresponding bars show the experimental error.
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are observed for 1-butene and iso-butene. Ketene results are shown in Figure
5.11 ¢). The model shows that iso-butene is producing its highest concentra-
tion while lower concentrations are observed for 1-butene and 2-butene. Finally,
acetaldehyde shows a concentration dependent on the fuel structure as it was
shown in other two studies, where molecules that have high soot precursors mole
fractions show a small amount of acethaldehyde and vice versa. Acetaldehyde
and its isomer ethenol are not separated in this study. Numerical simulations
correspond mostly to acetaldehyde concentration.
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Figure 5.12: Mole fraction profiles of some C fuel decomposition products: a) iso-
prene (C5H8-D1D8Me2), b) 2-methyl-1-butene (C5H10-D1Me2), and
¢) cyclopentadiene (CYC5HG-D1D3). The symbols represent exper-
imental data and the lines represent modeling results in a 1-butene
(C4H8-D1) (%), trans-2-butene (T-C4HS8-D2) (A), and iso-butene
(C4H8-D1Me2) (o) flame. The corresponding bars show the experi-
mental error.

Figure 5.12 presents predicted and experimental mole fraction profiles for dif-
ferent Cg species. In the experimental 1-butene and 2-butene flame, trans-2-
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pentene was identified as the main isomer. Other possible isomers are 2-methyl-
1-butene, n-pentene, and cis-2-pentene. In the iso-butene flame, the ratio of
the isomers is clearly different; here, a minor contribution from trans-2-pentene
is seen. The second isomer in this flame can most probably be assigned to be
2-methyl- 7 -butene.

The model includes isoprene (C5H8-D1D3Me2), 2-methyl-1-butene (C5H10-
D1Me2), and cyclopentadiene (CYC5H6-D1D3). The concentration of 2-methyl-
1-butene in 1-butene and trans-2-butene flames is under-predicted by the model
and and over-predicted for iso-butene flame, 2-methyl- 1-butene (C5H10-D1Me2)
may be formed by recombination of C4H7-R1D2Me2 and methyl radicals (see
5.4) and is involved in the butadiene formation from iso-butene. According
to the present modeling approach, 2-methyl-7-butene may react over different
CrHg radicals to form isoprene (C5H8-D1D3Me2). Isoprene concentration is
over-predicted for 1-, 2- and iso-butene. Finally, CYC5H6-D1D3 is mainly
formed by recombination of C3H5-R1D2 and C2H2 and and is underpredicted
in all the flames. This experimental observation gives an insight of the impor-
tance to better understand the Cg chemistry. However, development of a full
Cg sub-mechanism is beyond the scope of this chapter.

5.4 Ignition delay time and laminar flame speed
validation for butene (C Hg) isomers.

The mechanism with the updated chemistry has been further validated against
several shock tubes and laminar flame speed experiments. Experimental and
modeling results measured by Curran et al. [96] for autoignition of 1.2% iso-
butene (C4H8-D1Me2) at different equivalence ratios and 2 atm are shown in
Fig. 5.13, where the model reproduces the trend and matches the experimental
measurements very well.

Another iso-butene (C4H8-D1Me2) autoignition experiment was performed by
Yasunaga et al. [98] at 1.94 atm, at different equivalence ratios and oxygen
concentrations (see Figure 5.14). The ignition delay time in the experiment is
defined as the elapsed time between the reflected shock arrival and the onset of
the rapid infrared emission increase for CO2. Figure 5.14 a) shows that mixtures
B and C have equivalence ratios of 2.0 and 1.0, respectively. Mixture C has a
higher reactivity compared to B. Mixture D has a ¢=1.0 and a lower concen-
tration of iso-butene and O2, and shows a reactivity similar to mixture B. The
model can reproduce the trend of the experimental results for these mixtures and
predict slightly faster ignition delay times. Figure 5.14 b) shows experimental
results for mixtures E, F and G with an equivalence ratio of 0.5. Longer ignition
delay times are observed for mixture F, which has the lowest concentration of
02. The model can capture the trend for each mixture, and ignition delay times
are shorter at the highest temperatures and longer as the temperature decreases.

Bauge et al. [97] performed autoignition experiments to study the influence of
different concentration and equivalence ratios on iso-butene/Ar/O2 mixtures.

92



1.2% C4H8-D1Me2; 2 bar

10
17:
é L
e r
0.1
F $=0.4
F A $=0.8
[ © $=20
) ST T

0.5 055 0.6 0.65 0.7 0.75 0.8 0.85
1000/T [1/K]

Figure 5.13: Ignition delay times of 1.2% C4H8-D1Me2/02/Ar miztures at 2 atm
and ¢=0.4, 0.8, and 2.0. The symbols correspond to experimental data
from Curran et al. [96] and the lines correspond to simulations.
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Figure 5.14: a) Ignition delay times for mixtures of: & (B: 1.0% C4H8-D1Me2,
3.0% 02 in Ar), A (C: 1.0% C4H8-D1Me2, 6.0% O2 in Ar), and e
(D: 0.5% C4H8-Di1Me2, 1.5% O2 in Ar). b) Ignition delay times for
miztures of-A (F: 0.1% C4HS8-DiMe2, 1.2% 02 in Ar), & (E: 0.5%
C4H8-DiMe2, 6.0% O2 in Ar), and o (G: 0.1% C4HS8-DiMe2, 4.8%
02in Ar). The symbols correspond to experimental data from Yasunaga
et al. [98] and the lines correspond to simulations.
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Influence on equivalence ratios (¢= 1.0-3.0) are shown in figure 5.15 a), where
all mixtures have the same iso-butene concentration and oxygen is increased by
decreasing the equivalence ratio. Experimental results show that increasing oxy-
gen in the mixture makes ignition faster; modeling results show similar trend to
the experiment and slightly faster ignition delay times. Increasing the concen-
tration of iso-butene (5.15 b)) and maintaining the equivalence ratio constant
(¢= 3.0), shows that there is a faster ignition when the concentration of the fuel
is higher. Modeling results show trends similar to the experimental ones. For all
mixtures, ignition delay times are shorter whith the increase of the temperature.
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Figure 5.15: a) Ignition delay times with 3.65% of C4H8-D1Me2 for different equiv-
alence ratios (#: ¢=1.0, A: $=2.0, o: $=3.0) and b) Ignition delay
times with ¢=3 and for different C4H8-D1Me2 percentages (o: 0.5%,
A: 1.0%, &: 3.65%). The symbols correspond to experimental data
from Bauge et al . [97] and the lines correspond to simulations.

Heyberger et al. [99] performed experimental measurements for different equiv-
alence ratios for 1% of 1-butene and for different concentrations of I-butene
(see Fig. 5.16). Modeling results presented in Figure 5.16 a) show in general a
closer agreement to the ignition delay time experimental data at highest tem-
peratures. Figure 5.16 b) compares two different 7-butene concentrations where
the reactivity of the fuel is increased with the concentration. A general good
agreement is observed for experimental and modeling results.

Pan et al. [100] performed 1-butene autoignition experiments for different equiv-
alence ratios and pressures (see Figures 5.17a)-c)). Increasing pressure also im-
plies that the absolute concentration of reactants increase, resulting in shorter
ignition delay times. The model predicts this effect over the different pressures
and equivalence ratios. Nevertheless, predicted ignition delay times are shorter
than measured ones for higher pressures and low equivalence ratio (see Fig. 5.17
a) 4.11 and 16.3 atm). Increasing the equivalence ratio decreases this pressure
effect. Li et al. [115] performed high temperature shock tube experiments for
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Figure 5.16: a) Ignition delays in a shock tube of the oxidation of 1-butene for differ-
ent equivalence ratios (§: $=0.5, A: $=1.0, o: $=2.0) and b) Ignition
delays in a shock tube for different concentrations of 1-butene (¢: 1%
C4H8-D1, A: 2% C4H8-D1). The symbols correspond to experimental
data from Heyberger et al. [99] and the lines correspond to simulation
results.

I-butene at equivalent ratios of 0.5, 1.0 and 2.0 and high pressures (10, 30,
and 50 atm). The influence of pressure on ignition delay times is shown in
Figures 5.18 a) to ¢). Experimental results show that reactivity increases with
increasing pressure at all equivalence ratios [100]. The reaction mechanism is
able to predict this effect, but higher deviations are observed as the pressure in-
creases, resulting in longer ignition delays times compared to the measured ones.

Ignition delay times of trans-2-butene where studied by Li et al. [114]. Similar
experimental conditions to I-butene were ivestigated (see Figure 5.19 a) to ¢)).
Experimental results show that reactivity increases with increasing pressure at
all equivalence ratios. Modeling results predict well the ignition at 30 atm and
¢=0.5 -2.0. Autoignition model predictions for 10 atm are in good agreement
with experimental measurements for ¢=0.5 and 1.0, but higher deviations are
observed for ¢p=2.0. Model predictions for 50 atm result in longer ignition delay
times in comparison to the measured ones for ¢=0.5, while a closer prediction
is observed for ¢=1.0 and 2.0.

The laminar flame speed for iso-butene as fuel was calculated with the present
model at 1 bar and 298 K (See figure 5.20 a)). Experimental measurements
from Davis et al. 1998 [42], Zhang et al. 2015 [103], and Zhou et al. [118] are
used for comparison. The model follows the trend of the experimental measure-
ments and slightly over-predicts the maximum flame speed at an equivalence
ratio of 1.1. The rich side of the flame is following the measurement predic-
tions of Davis et al. 1998 [42] and Zhou et al. [118]. Zhang et al. 2015 [103]
(see figure 5.20 b)) studies the pressure dependency with respect to the flame
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Figure 5.17: Prediction for 1-butene ignition under various conditions: a) 1% of
C4H8-D1, $=0.5 at 4:1.22 atm, A:4.11 atm, and :16.3 atm.; b) 1%
of C{H8-D1, ¢$=1.0 at #:1.22 atm, A:4.22 atm, and e:16.73 atm.; c)
1% of C4HS8-D1, ¢»=2.0 at 4:1.22 atm, A:4.22 atm, and :16.73 atm.
The symbols correspond to experimental data from Pan et al. [100] and
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the lines correspond to stmulation results.
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Figure 5.18: Influence of pressure on I1-butene ignition delay time: a) 1.72% of

C/H8-D1, ¢= 0.5 at :10 atm, A:30 atm, and ©:50 atm, b) 3.38%
of C4/H8-D1, ¢p= 1.0 at 4:10 atm, A:30 atm, and :50 atm, c) 6.54%
of C4H8-D1, ¢= 2.0 at 4:10 atm, A:30 atm, and e:50 atm. The sym-
bols correspond to experimental data from Li et al. [115] and the lines
correspond to simulation results.
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Figure 5.19: Influence of pressure on 2-butene ignition delay time: a) 1.72% of T-

C/H8-D2, = 0.5 at #:10 atm, A:30 atm, and e:50 atm, b) 3.58% of
T-C4H8-D2, ¢= 1.0 at #:10 atm, A:30 atm, and :50 atm, c) 6.54%
of T-C4{H8-D2, ¢p= 2.0 at 4:10 atm, A:30 atm, and e:50 atm. The
symbols correspond to experimental data from Li et al. [114] and the
lines correspond to simulation results.
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velocity. As expected, the laminar flame speed decreases with the increment of
the pressure. Modeling results can capture this behavior but the laminar flame
velocity measured experimentally ends up being over-predicted.

50 50
F L b) e 300K
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Figure 5.20: a) Numerically determined laminar flame speeds as a function of the
equivalence ratio for an iso-butene/air mizture at T, = 298 K and p=
1 atm. The black line represents the simulation result in this study.
Ezxperiments by: e Davis et al. 1998 [42], & Zhang et al. 2015 [103],0
(TAMU), A (LRPG), O (PU) Zhou et al. [118]. b) Numerically de-
termined laminar flame speeds as a function of the equivalence ratio
for iso-butene/air mizture at Ty,= 300 K and p= e: 1 atm, #: 2 atm,
o:5 atm, and :10 atm by Zhang et al. 2015 [108]. The lines show the
corresponding simulation results.

The laminar flame speed for 1-butene as fuel was calculated with the present
model at 1 bar and 298 K (See Figure 5.21 a). For comparison purposes, the
experimental measurements from Davis et al. 1998 [42], Zhang et al. 2015 [103]
were used. The model follows the trend of the experimental measurements from
Davis et al. 1998 [42]. Zhang et al. 2015 [103] (see Figure 5.21 b)) studied the
pressure dependency with respect to the flame velocity for this isomer as well.
As expected, the laminar flame speed decreases with increasing the pressure.
Modeling results can capture this behavior, but the measured laminar flame
velocity remains over-predicted.

Figure 5.22 shows the temperature dependency for I-butene at 1 atm where
the model predictions have a similar trend as the experimental measurements.
Slightly over-predictions are observed in the maximum of the flame approxi-
mately at ¢=1.1.

Laminar flame speeds for 2-butene as fuel were calculated with the present

model at 1 bar and 298 K (See figure 5.23 a)). For comparison purposes, the
experimental measurements from Zhang et al. 2015 [103] are used. The model
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Figure 5.21: a) Numerically determined laminar flame speeds as a function of the

equivalence ratio for a 1-butene/air mizture at T, = 298 K and p= 1
atm. The black line represents the simulation result in this study. Fa-
periments by: e Davis et al. 1998 [42], & Zhang et al. 2015 [103].b)
Numerically determined laminar flame speeds as a function of the equiv-
alence ratio for 1-butene/air mizture at T,,= 300 K and p= #: 1 atm,
A: 2 atm, e:5 atm, and M:10 atm by Zhang et al. 2015 [103]. The lines
show the corresponding simulation results.
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Figure 5.22: Numerically determined laminar flame speeds as a function of the equiv-

alence ratio for 1-butene/air mizture at p= 1 atm and T,,= ¢ 300 K,
A 350 K, e 400 K, and B 450 K. The symbols are experimental points
by Fernand et al. [102] and the lines are simulation results.
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follows the trend of the experimental measurements but slightly over-predicts
the maximum at an equivalence ratio of 1.1. Zhang et al. 2015 [103] (see Figure
5.23 b)) studied the pressure dependency with respect to the flame velocity for
this isomer too. As expected, the laminar flame speed decreases with increasing
pressure. Modeling results can capture this behavior and the value correspond-

ing to the flame velocity experimentally measured.
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Figure 5.23: a) Numerically determined laminar flame speeds as a function of the

equivalence ratio for a 2-butene/air mizture at Ty,= 298 K and p=
1 atm. The black line represents the simulation result in this study.
Experiments by: & Zhang et al. 2015 [103]. b) Numerically deter-
mined laminar flame speeds as a function of the equivalence ratio for
2-butene/air mizture at T,,= 300 K and p= e: 1 atm, §: 2 atm, e: 5
atm, and ¢: 10 atm by Zhang et al. 2015 [103]. The lines show the

corresponding simulation results.
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Chapter 6

Combustion chemistry of C 5
linear and branched species

In the previous chapter, the chemistry of the butene isomers was analyzed, there-
fore finding that Cg chemistry may be an important reaction growth pathway.
After that a new publication where a burner stabilized flame for 2-Methyl-2-
butene (C5H10-D2Me2) was measured (Ruwe et al.2018 [11]) showed the im-
portance of Cy species as possible first ring aromatic precursor. In conversation
with the university of Bielefed (Prof. Kohse-Hoinghausand Lena ruwe), Sandia
Laboratory (Nils Hansen), PTB Braunschweig (Kai Moshammer) and Univer-
sity of Cottbus, we agreed to make a cooperation where they delivered a new
experiment for a n-Pentane (C5H12) burner stabilized flame and in Cottbus,
I was responsible for the development of a complete CzH;( sub-mechanism
(2-Methyl-1-butene (C5H10-D1Me2), 2-Methyl-2-butene (C5H10-D2Me2), 3-
Methyl-1-butene (C5H10-D1Me3), n-Pentene (C5H10-D1), and cis-2-Pentene
(C5H10-D2)) reaction mechanism. N-Pentane (C5H12) chemistry was in the
model and was revised and updated in order to make the hierarchically-constructed
kinetic model more comprehensive. Thermodynamic data for newly introduced
species and their Cy degradation products were updated using the database of
Goos et al. (2013) [9].

Over the past years, several studies have been conducted regarding the C5Hy
isomers, for example: premixed low pressure flames [13], [119], counter-flow
flames [11], autoignition experiments for high and low temperature [120], [121],
[122], [123], [124]), jet-stirred reactor [120], laminar flame velocity [125], [126],
[127], and a plug flow reactor [128]|. For n-Pentane, experimental studies can
also be found mainly for the autoignition: [129], [33], [130], [131], [132], [133],
[124], [134], [135], [136], [123], and some for jet-stirred reactor, flow reactor,
opposed-flow diffusion flame and laminar flame speeds: [137], [138], [139], [140],
[141], [11], [125], [142], [143], and [144].

2-Methyl-2-butene (C5H10-D2Me2) as fuel will be analyzed in detail due to its
interesting chemical structure with 9 C-H bonds in the allylic position, while
n-Pentane (C5H12) will be studied as an example of a linear alkane molecule.
The validation for burner-stabilized flames, laminar flame speeds and ignition
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delay times for these two fuels are shown.

Structures of the different C5H;j() isomers and n-Pentane (C5H12), along with
their possible consumption pathways are presented in Figures 6.1 to 6.6.

C5H10-D1Me2
CH,
5
o] , s
1
CH,
CH, CH,4 CH,
CH, CH, CH,
. < > == H H,
CHZ CH; CH; 2/
C5HI9-R1D3Me3 C5HO-R1D2Me2  — C5HO-R1MD2
> /J\/ -
C5H8-D1D3Me2

O~ 1
C4H6-T1 )\///

C5H7-R1D3MD2

Figure 6.1: 2-Methyl-1-butene (C5H10-D1Me2), their considered alkenyl radicals
and further possible decomposition channels added to the model.

2-Methyl-1-butene (see Figure 6.1) is a branched alkene with a C=C double bond
in the first carbon, 5 allylic C-H bonds, 2 allylic C-H bonds and 3 C-H primary
bonds. H-atom abstraction can take place at one of the allylic (3,5) carbon
atoms forming two different radicals, namely 2-Methyl-But-1-en-4-yl (C5H9-
R1D3Me3) and 2-Methyl-But-1-en (C5H9-R1IMD?2), or it can take place at the
primary (4) carbon atom forming the resonantly stabilized radical 2-Methyl-
But-2-en-1-yl (C5H9-R1D2Me2). In reality, each resonance-stabilized species
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has an equivalent mesomeric form. For the development of this model, it is as-
sumed that each pair is one species. Westbrook et al. (2015) [120] implemented
a similar methodology for the development of a 2-Methyl-2-butene high and low
temperature mechanism.

C5H10-D2Me2
CH,

4
1 CH;
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CH, CH,
SCH, < > /J\/CH
Hat)%/ 2 CHy Z
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r— C5H9-R1D2Me2

|

/JV/
t————® C5H8-D1D3Me2

e

PNy

C5H8-D1-D2Me3

Y A T
C4H6-T1 ANF /l\\/ e
C4H6-T2

C5H7-R1D3MD2 C5H7-R1D2-D3Me2

2-Methyl-2-butene (C5H10-D2Me2), their considered alkenyl radicals
and further possible decomposition channels added to the model.

Figure 6.2:

For 2-Methyl-2-butene (see Figure 6.2), a branched alkene with a C=C dou-
ble bond in the second carbon, 9 allylic C-H bonds, and one allylic C-H bond.
H-atom abstraction can take place at one of the allylic (1,4,5) carbon atoms
where resonant stabilized species, C5H9-R1D2Me2 and 2-Methyl-But-2-en-4-
yl (C5H9-R1D2Me3), may be formed. 3-Methyl-1-butene (see Figure 6.3) has
a C=C double bond in the first carbon, a C-H allylic bond, 3 C-H vinylic
bonds, and 6 C-H primary bonds. Two different radicals via H-atom abstraction
can be formed, namely 3-Methyl-But-1-en-4-yl (C5H9-R1D3Me2) and (C5H9-
R1D2Me3). CyHg radicals via another H-atom abstraction may form branched
dienes such as 2-Methyl-1,3-diene (C5H8-D1D3Me2) and/ or 2-Methyl-2,3-diene
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Figure 6.3: 3-Methyl-1-butene (C5H10-D1Me3), their considered alkenyl radicals
and further possible decomposition channels added to the model.
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(C5H8-D1-D2Me3). CsHg branched dienes via another H-atom abstraction may
form different isomers for branched CsH~ radicals (C5H7-R1D3MD2 and C5H7-
R1D2-D3Me2).
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— C5H9-R1D4 C5H9-R4D1 | ‘ '
Y
CHMCHi
C5H9-R3D1 —

N s e i N
C5H8-D1D4 C5H8-D1D3

\—. CSH7-R1D2D4 J

2y

h cd’ CS

Figure 6.4: n-Pentene (C5H10-D1), their considered alkenyl radicals and further
possible decomposition channels added to the model.

Structures regarding linear isomers, n-pentene (C5H10-D1) and cis-2-pentene
(C5H10-D2), their alkenyl radicals, and CrHg dienes are shown in Figure 6.4
and 6.5. n-pentene may form three different radicals: 1-Penten-3-yl (C5H9-
R3D1), 1-Penten-4-yl (C5H9-R4D1), and 1-Penten-5-yl (C5H9-R1D4). H-atom
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Figure 6.5: cis-2-Pentene (C5H10-D2), their considered alkenyl radicals initiated by
H-atom abstraction and further possible decomposition channels added to
the model.
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abstraction may occur at one allylic (3) carbon, two secondary (4) carbon atoms
and 3 primary (5) carbon atoms. C5H9-R3D1 resonant stabilized radical may
also be produced via H-abstraction from cis-2-pentene along with two other
radicals: 2-Penten-4-yl (C5H9-R2D3), and 2-Penten-5-yl (C5H9-R1D3). CyHg
radicals via another H-atom abstraction may result in linear di-enes such as 1,3-
Pentadiene (C5H8-D1D3) and 1,4-Pentadiene (C5H8-D1D4). C5H7-R1D2D4
radical may be formed via another H-atom abstraction from the CsHg linear
species.

l l l

NN N N

CSH11 -R1 C5H11-R2 CSH11 -R3

C5H10-D1 c5H1 0-D2

CH/\/\c " /\/crl
A
CH/ CH, ‘ =
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C5H9-R1D4 C5H9-R4D1 /\\/\
"CH; C5H9-R1D3

C5H9-R3D1

l

NN

C5H8-D1D4 C5H8-D1D3

\—’ C5H7-R1D2D4 4—‘

Figure 6.6: n-Pentane (C5H12), their considered alkyl radicals and further possible
decomposition channels added to the model.

Figure 6.6 shows the decomposition pathways for n-Pentane. The H-atom ab-
straction can take place in carbon 1, 2 or 3, which leads to the formation of
1-Pentanyl (C5H11-R1), 2-Pentanyl (C5H11-R2) or/and 3-Pentanyl (C5H11-
R3). 1-Pentanyl (C5H11-R1) may form n-pentene (C5H10-D1). 3-Pentanyl
(C5H11-R3) may form cis-2-pentene (C5H10-D2) while 2-Pentanyl (C5H11-
R2) may form both isomers. CyHj( radicals form five different linear CyHg
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species (4-Penten-1-yl (C5H9-R1D4), 1-Penten-4-yl (C5H9-R4D1), 1-Penten-3-
yl (C5H9-R3D1), 3-Penten-1-yl (C5H9-R1D3) and 3-penten-2-yl (C5H9-R2D3)
via subsequent H-atom abstraction. Subsequent decomposition pathways are
similar to those discussed for n-pentene (C5H10-D1) and cis-2-pentene (C5H10-
D2).

6.1 High temperature chemistry for n-Pentane
(C5H12) and CgH;y isomers

Oxidation reactions were added following the well-established classes introduced
by Curran et al. (1998) [104] with modifications as described in the chemical
model section. Rate constants are expressed in the Arrhenius form (see eq.
2.19) with the units cm?, mol, s, cal; => indicates that only forward reaction
is considered; <=>> indicates that also the reverse reaction is considered, as well
as the data to calculate the pressure dependency. f and b stand for forward and
backward reactions.

Main consumption of the fuel may prefer the allylic abstraction route since the
vinylic C — H bond (110.7 kcal/mol) has an energy of 22 kcal/mol stronger than
the allylic C — H bond (88.8 kcal/mol) (see Blanksby et al. [145]). In this work,
vinylic abstraction was not considered.

6.1.1 Class 1: Unimolecular fuel decomposition

For unimolecular fuel decomposition, the suggested rates from Mehl et al. (2008)
[107] and Ahmed et al. (2007) [81] were applied with exceptions for reactions:
C5H10-D2Me2 <=> CH3 + C4H7-R1D1Me2 and

C5H10-D1 <=> C3H6-D1 + C2H4-D1, where the rates from the works of Cheng
et al. 2017 [125] and Tsang 1987 [146] were implemented. Tables 6.1 and 6.2
show reaction rates corresponding to the linear and branched isomers while table
6.3 shows the rates corresponding to n-Pentane.

Reactions A n Eq Ref
C5H10-D1 <=> C2H3-R1D1 + C3H7-R1 5.012E+16  0.00 8.200E4+04  [107]
C5H10-D1 <=> C3H5-R1D2 + C2H5-R1  1.000E+16  0.00 7.100E+04  [107]

C5H10-D1 <=> C3H6-D1 + C2H4-D1 3.160E+12  0.00 5.740E+04  [146]
C5H10-D1 <=> C4H7-R1D3 + CH3 2.580E+16  0.00 8.450E+04  [107],*
C5H10-D2 <=> C4H7-R2D2 4 CH3 5.012E+16  0.00 8.400E+04  [107]
C5H10-D2 <=> C3H6-D1 + C2H4-D1 1.000E+16  0.00 7.100E+04  [107]
C5H10-D1 <=> H + C5H9-R3D1 1.995E+15  0.00 8.200E+04  [107]
C5H10-D1 <=> H + C5H9-R4D1 2.500E+27 -3.80 9.710E404 [81]
C5H10-D1 <=> H + C5H9-R1D4 2.500E+27 -3.80 9.710E+04 [81]
C5H10-D2 <=> H + C5H9-R1D3 2.500E+27 -3.80 9.710E404 [81]
C5H10-D2 <=> H + C5H9-R2D3 1.995E+15  0.00 8.200E+04  [107]
C5H10-D2 <=> H + C5H9-R3D1 1.995E+15  0.00 8.400E+04  [107]

Table 6.1: Unimolecular fuel decomposition for n-Pentene (C5H10-D1), and cis-2-
Pentene (C5H10-D2) oxzidation. ©: the pre-exponential factor was de-
creased by factor 2.
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Reactions A n FE, Ref

C5H10-D1Me2 <=> CH3 + C4H7-R1D2Me2  5.012E+16  0.00 8.100E+04  [107]
C5H10-D1Me2 <=> C2H5-R1 + C3H5-R2D1  5.012E+16  0.00 8.200E+04  [107]
C5H10-D2Me2 <=> CH3 + C4H7-R1D1Me2  7.100E+91 -22.8 1.340E+05 [125]

PLOG/ 1.00E-01 6.30E+93 -23.0  134000.0 /

PLOG/ 1.00E-+00 3.38E+493 -22.5  138000.0 /

PLOG/ 3.50E+400 1.57E+90 -21.4  138000.0 /

PLOG/ 1.00E+01 4.60E+-85 -19.9  136000.0 /

PLOG/ 3.50E+01 3.03E+78 -17.8  133000.0 /

PLOG/ 1.00E-+02 2.44E471 -15.7  130000.0 /
C5H10-D2Me2 <=> CH3 + C4HT7-R2D2 1.024E+17  0.00 8.450E+04  [107],
C5H10-D1Me3 <=> CH3 + C4HT7-R2D2 1.000E+16  0.00 7.300E+04  [107]
C5H10-D1Me3 <=> C2H3-R1D1 + C3H7-R2 5.012E4+16  0.00 8.200E+04  [107]
C5H10-D1Me2 <=> H + C5H9-R1D3Me3 2.500E+27 -3.80 9.708E+404  [81]
C5H10-D1Me2 <=> H + C5H9-R1D2Me2 1.995E+15  0.00 8.200E+04  [107]
C5H10-D1Me2 <=> H + C5H9-R1IMD2 1.995E+15  0.00 8.400E+04  [107]
C5H10-D2Me2 <=> H + C5H9-R1D2Me3 1.995E+15  0.00 8.400E+04  [107]
C5H10-D2Me2 <=> H + C5H9-R1D2Me2 1.995E+15  0.00 8.400E+04  [107],
C5H10-D1Me3 <=> H + C5H9-R1D3Me2 2.500E+27 -3.80 9.708E+04  [81]
C5H10-D1Me3 <=> H + C5H9-R1D2Me3 2.500E+27 -3.80 9.708E+04  [81]

2

Table 6.2: Unimolecular fuel decomposition for 2-Methyl-1-butene (C5H10-D1Me2),
2-Methyl-2-butene (C5H10-D2Me2), and 3-Methyl-1-butene (C5H10-
DiMe3). ¢: pre-exponential factor increased by factor 2.

C5H12=C2H5-R1+C3H7-R1  1.000E+28 -3.80 9.011E+04  [81]

C5H12=CH3+C4H9-R1 1.000E+28 -3.80 9.011E+04 [81]
C5H12=H+C5H11-R1 2.500E+27 -3.80 9.708E+04 ¢
C5H12=H+C5H11-R2 2.500E+27 -3.80 9.708E+04 °
C5H12=H-+C5H11-R3 2.500E4+27 -3.80 9.708E+04 ¢

Table 6.3:  Unimolecular fuel decomposition for n-Pentane (C5HI12). ©: the pre-
exponential factor [81] was multiplied by 6, b: : the pre-exponential factor
[81] was multiplied by 4, :: the pre-exponential factor [81] was multiplied
by 2.

6.1.2 Class 2: H-atom abstraction from fuel

Reaction rates for linear and branched CsH{) species are presented in tables 6.4
to 6.8 and for n-Pentane in 6.9. For H-atom abstraction from the fuel molecule
in primary and secondary positions, the rates from Ahmed et al. (2007) [81] were
applied. For H-atom abstraction from the fuel molecule in tertiary position, the
rates from Curran et al. 2002 [77] were applied. A correction for the allylic
position has been taken into account as discussed in the previous chapter. The
correction is based on the work of Mehl et al. 2008 [107]|. For the allylic site,
the activation energy applied was 2000 cal/mol lower than the one used for the
secondary radical formation. A similar analogy is followed for the abstraction in
the primary position. A table containing primary, secondary, and allylic reaction
rates for this type of reactions can be found in table A.1 from the appendix as
a reference. The pre-exponential factor has been multiplied by the number of
H-atoms that can be abstracted from each carbon.
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Reactions A n E, Ref
C5H10-D1 + H <=> H2 + C5H9-R1D4 1.689E+408 2.00 7.713E+03 [81]
C5H10-D1 + H <=> H2 + C5H9-R4D1 4.900E+07 2.00 5.007E+03 [81]
C5H10-D1 + H <=> H2 + C5H9-R3D1 4.900E+07 2.00 3.007E-+03 [81], @
C5H10-D1 + OH <=> H20 + C5H9-R1D4 5.250E4+09 0.97 1.578E+03 [81]
C5H10-D1 + OH <=> H20 + C5H9-R4D1 4.680E+07 1.61 -3.589E-+01 [81]
C5H10-D1 + OH <=> H20 + C5H9-R3D1 4.680E4+07 1.61 -2.036E+03 [81], @
C5H10-D1 + O <=> OH + C5H9-R1D4 1.980E406 2.40 5.512E+03 [81]
C5H10-D1 + O <=> OH + C5H9-R4D1 2.360E+05 2.50 2.203E+03 [81]
C5H10-D1 + O <=> OH + C5H9-R3D1 2.360E+05 2.50 2.033E+02 [81], @
C5H10-D1 + CH3 <=> CH4 + C5H9-R1D4 8.130E+11 0.00 1.162E+04 [81]
C5H10-D1 + CH3 <=> CH4 + C5H9-R4D1 4.000E+11 0.00 9.514E-+03 [81]
C5H10-D1 + CH3 <=> CH4 + C5H9-R3D1 4.000E+11 0.00 7.514E+03 [81], @
C5H10-D1 + O2 <=> C5H9-R1D4 + HO2 1.251E+13 0.00 4.903E+404 [81]
C5H10-D1 + O2 <=> C5H9-R4D1 + HO2 2.000E+13  0.00 4.768E+04 [81]
C5H10-D1 + O2 <=> C5H9-R3D1 + HO2 2.000E+13 0.00 4.568E-+04 [81], @
C5H10-D1 + HO2 <=> C5H9-R1D4 + H202 8.040E+12  0.00 1.941E+04 [81]
C5H10-D1 + HO2 <=> C5H9-R4D1 + H202 4.880E+12 0.00 1.703E-04 [81]
C5H10-D1 + HO2 <=> C5H9-R3D1 + H202 4.880E+12  0.00 1.503E+04 [81], @
C5H10-D1 + CH302 <=> C5H9-R1D4 + CH302H 6.060E+12 0.00 2.046E-+04 [81]
C5H10-D1 + CH302 <=> C5H9-R4D1 + CH302H 4.040E+12 0.00 1.773E+04 [81]
C5H10-D1 + CH302 <=> C5H9-R3D1 + CH302H 4.040E+12 0.00 1.573E+04 [81], @
C5H10-D1 + CH30 <=> C5H9-R1D4 + CH30OH 1.581E+4+11 0.00 7.005E+03 [81]
C5H10-D1 + CH30 <=> C5H9-R4D1 + CH30OH 1.096E4+11 0.00 5.007TE+03 [81]
C5H10-D1 + CH30O <=> C5H9-R3D1 + CH30OH 1.096E+4+11 0.00 3.007TE+03 [81], @

Table 6.4: H-atom abstraction for n-Pentene (C5H10-D1).

activation energy.

a

: allyl correction for

Reactions A n E, Ref
C5H10-D2 + H <=> H2 4 C5H9-R1D3 1.689E+408 2.00 7.713E+03 [81]
C5H10-D2 + H <=> H2 + C5H9-R2D3 4.900E+07 2.00 3.007E-+03 [81], @
C5H10-D2 + H <=> H2 + C5H9-R3D1 1.689E+408 2.00 5.713E+03 [81], @
C5H10-D2 + OH <=> H20 + C5H9-R1D3 5.270E+09 0.97 1.586E+03 [81]
C5H10-D2 + OH <=> H20 + C5H9-R2D3 4.680E+07 1.61 -2.036E+03 [81], ¢
C5H10-D2 + OH <=> H20 + C5H9-R3D1 5.270E+09 1.61 -4.14E+02 [81]7 @
C5H10-D2 + O <=> OH + C5H9-R1D3 1.980E+06 2.40 5.512E+03 [81]
C5H10-D2 + O <=> OH + C5H9-R2D3 2.360E+05 2.50 2.033E-01 [81], @
C5H10-D2 + O <=> OH + C5H9-R3D1 1.980E+06 2.50 3.512E-+03 [81], @
C5H10-D2 + CH3 <=> CH4 + C5H9-R1D3 8.130E+11 0.00 1.162E+04 [81]
C5H10-D2 + CH3 <=> CH4 + C5H9-R2D3 4.000E+11 0.00 7.514E-+03 [81], @
C5H10-D2 + CH3 <=> CH4 + C5H9-R3D1 8.130E+11 0.00 9.620E+04 [81]
C5H10-D2 + O2 <=> C5H9-R1D3 + HO2 1.251E+4+13 0.00 4.903E-+04 [81]
C5H10-D2 + 02 <=> C5H9-R2D3 + HO2 2.000E+13 0.00 4.568E+04 [81], @
C5H10-D2 + O2 <=> C5H9-R3D1 + HO2 1.251E4+13 0.00 4.703E-+04 [81], @
C5H10-D2 + HO2 <=> C5H9-R1D3 + H202 8.040E+12 0.00 1.941E+04 [81]
C5H10-D2 + HO2 <=> C5H9-R2D3 + H202 4.880E+12  0.00 1.503E-+04 [81], @
C5H10-D2 + HO2 <=> C5H9-R3D1 + H202 8.040E+12  0.00 1.741E+04 [81], @
C5H10-D2 + CH302 <=> C5H9-R1D3 + CH302H 6.060E+12 0.00 2.046E+04 [81]
C5H10-D2 + CH302 <=> C5H9-R2D3 + CH302H 4.040E+12 0.00 1.573E+404 [81], @
C5H10-D2 + CH302 <=> C5H9-R3D1 + CH302H 6.060E+12 0.00 1.846E+04 [81], @
C5H10-D2 + CH30 <=> C5H9-R1D3 4+ CH30OH 1.581E+4+11 0.00 7.005E+03 [81]
C5H10-D2 + CH30 <=> C5H9-R2D3 4+ CH30OH 1.096E+11 0.00 3.007E+403 [81], @
C5H10-D2 + CH30 <=> C5H9-R3D1 4+ CH30OH 1.581E+4+11 0.00 5.005E+03 [81], @

Table 6.5: H-atom abstraction for cis-2-Pentene (C5H10-D2). ©:

for activation energy.

111

allyl correction



Reactions A n E, Ref

C5H10-D1Me2 + H <=> C5H9-R1D3Me3 + H2 1.689E+408 2.00 7.713E403 [81]

C5H10-D1Me2 + H <=> C5H9-R1D2Me2 + H2 4.900E+07 2.00 3.00TE+03 [81], @
C5H10-D1Me2 + H <=> C5H9-R1IMD2 + H2 1.689E408 2.00 5.713E403 [81], @
C5H10-D1Me2 + OH <=> C5H9-R1D3Me3 + H20 5.250E4+09 0.97 1.578E+03 [81]

C5H10-D1Me2 + OH <=> C5H9-R1D2Me2 + H20 4.680E+07 1.61 -2.036E-+03 [81], ¢
C5H10-D1Me2 + OH <=> C5H9-R1MD2 + H20 5.250E+09 0.97 -4.220E402 [81], @
C5H10-D1Me2 + O <=> C5H9-R1D3Me3 + OH 1.980E+06 2.40 5.512E+03 [81]

C5H10-D1Me2 + O <=> C5H9-R1D2Me2 + OH 2.360E+05 2.50 2.033E-01 [81], @
C5H10-D1Me2 + O <=> C5H9-R1MD2 + OH 1.980E+06 2.40 3.512E+03 [81], @
C5H10-D1Me2 + CH3 <=> C5H9-R1D3Me3 + CH4 8.130E+11 0.00 1.162E+04 [81]

C5H10-D1Me2 + CH3 <=> C5H9-R1D2Me2 + CH4 4.000E+11 0.00 7.514E+03 [81], @
C5H10-D1Me2 + CH3 <=> C5H9-R1IMD2 + CH4 8.130E+11 0.00 9.620E+03 [81], @
C5H10-D1Me2 + O2 <=> C5H9-R1D3Me3 + HO2 1.251E+13 0.00 4.908E+04 [81]

C5H10-D1Me2 + O2 <=> C5H9-R1D2Me2 + HO2 2.000E+13 0.00 4.568E+04 [81], @
C5H10-D1Me2 + O2 <=> C5H9-R1IMD2 + HO2 1.251E+13 0.00 4.708E+04 [81], @
C5H10-D1Me2 + HO2 <=> C5H9-R1D3Me3 + H202 8.040E+12 0.00 1.162E+04 [81]

C5H10-D1Me2 + HO2 <=> C5H9-R1D2Me2 + H202 4.880E+12 0.00 1.503E+04 [81], @
C5H10-D1Me2 + HO2 <=> C5H9-R1MD2 + H202 8.040E+12 0.00 9.620E+03 [81], @
C5H10-D1Me2 + CH302 <=> C5H9-R1D3Me3 + CH302H 6.060E+12 0.00 2.046E+04 [81]

C5H10-D1Me2 + CH302 <=> C5H9-R1D2Me2 + CH302H 4.040E+12 0.00 1.573E+04 [81], @
C5H10-D1Me2 + CH302 <=> C5H9-R1MD2 + CH302H 6.060E+12 0.00 1.846E+04 [81], @
C5H10-D1Me2 + CH30 <=> C5H9-R1D3Me3 + CH30OH 1.581E+11 0.00 7.012E+03 [81]

C5H10-D1Me2 + CH30 <=> C5H9-R1D2Me2 + CH30H 2.000E+13 0.00 4.568E+04 [81], @
C5H10-D1Me2 + CH30 <=> C5H9-R1D2Me2 + CH30H 1.581E+4+11 0.00 5.012E4-03 [81], @

Table 6.6: H-atom abstraction for 2-Methyl-1-butene (C5H10-D1Me2).%: allyl cor-
rection for activation energy.

Reactions A n FE, Ref

C5H10-D2Me2 + H <=> C5H9-R1D2Me3 + H2 1.689E+08 2.00 5.713E+03 [81], @
C5H10-D2Me2 + H <=> C5H9-R1D2Me2 + H2 3.378E+08 2.00 5.713E+03 [81], @
C5H10-D2Me2 + OH <=> C5H9-R1D2Me3 + H20 5.250E+09 0.97 -4.220E+02 [81], @
C5H10-D2Me2 + OH <=> C5H9-R1D2Me2 + H20 1.050E+10 0.97 -4.220E402 [81], @
C5H10-D2Me2 + O <=> C5H9-R1D2Me3 + OH 1.980E+06 2.40 3.512E+03 [81], @
C5H10-D2Me2 + O <=> C5H9-R1D2Me2 + OH 3.960E4+06 2.40 3.512E+03 [81], @
C5H10-D2Me2 + CH3 <=> C5H9-R1D2Me3 + CH4 8.130E+11 0.00 9.620E+03 [81], @
C5H10-D2Me2 + CH3 <=> C5H9-R1D2Me2 + CH4 1.626E+12 0.00 9.620E+03 [81], @
C5H10-D2Me2 + O2 <=> C5H9-R1D2Me3 + HO2 1.251E+413 0.00 4.708E+-04 [81], @
C5H10-D2Me2 + 02 <=> C5H9-R1D2Me2 + HO2 2.502E+13 0.00 4.708E+04 [81], @
C5H10-D2Me2 + HO2 <=> C5H9-R1D2Me3 + H202 8.040E+12 0.00 9.620E+03 [81], @
C5H10-D2Me2 + HO2 <=> C5H9-R1D2Me2 + H202 1.608E+13 0.00 9.620E-+03 [81], @
C5H10-D2Me2 + CH302 <=> C5H9-R1D2Me3 + CH302H 6.060E+12 0.00 1.846E-+04 [81], @
C5H10-D2Me2 + CH302 <=> C5H9-R1D2Me2 + CH302H 6.060E+12 0.00 1.846E+04 [81], @
C5H10-D2Me2 + CH30 <=> C5H9-R1D2Me3 + CH30H 1.581E4+11 0.00 5.012E4-03 [81], @
C5H10-D2Me2 + CH30 <=> C5H9-R1D2Me2 + CH30H 3.162E+11  0.00 5.012E403 [81], @

Table 6.7: H-atom abstraction for 2-Methyl-2-butene (C5H10-D2Me2). ©: allyl cor-

rection for activation energy.
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Reactions A n E, Ref
C5H10-D1Me3 + H <=> C5H9-R1D3Me2 + H2 1.689E+08 2.00 7.713E+03 [81]
C5H10-D1Me3 + H <=> C5H9-R1D2Me3 + H2 6.020E4+05 2.40 0.583E+03 [77],
C5H10-D1Me3 + OH <=> C5H9-R1D3Me2 + H20 5.250E+09 0.97 1.578E+03 [81]
C5H10-D1Me3 + OH <=> C5H9-R1D2Me3 + H20 1.700E4+06 1.90 -3.451E+02 [77],
C5H10-D1Me3 + O <=> C5H9-R1D3Me2 + OH 1.980E+06 2.40 5.512E+03 [81]
C5H10-D1Me3 + O <=> C5H9-R1D2Me3 + OH 3.830E+05 2.41 -1.107E+03  [77],
C5H10-D1Me3 + CH3 <=> C5H9-R1D3Me2 + CH4 8.130E+11 0.00 1.162E+04 [81]
C5H10-D1Me3 + CH3 <=> C5H9-R1D2Me3 + CH4 8.960E+03 2.33 4.147E+03 [77],
C5H10-D1Me3 + 02 <=> C5H9-R1D3Me2 + HO2 1.251E4+13 0.00 4.908E4-04 [81]
C5H10-D1Me3 + 02 <=> C5H9-R1D2Me3 + HO2 7.000E+12 0.00 4.406E+04 [77],
C5H10-D1Me3 + HO2 <=> C5H9-R1D3Me2 + H202 8.040E+12 0.00 1.162E+04 [81]
C5H10-D1Me3 + HO2 <=> C5H9-R1D2Me3 + H202 2.800E+12 0.00 1.401E+04 [77],
C5H10-D1Me3 + CH302 <=> C5H9-R1D3Me2 + CH302H 6.060E+12 0.00 2.046E-+04 [81]
C5H10-D1Me3 + CH302 <=> C5H9-R1D2Me3 + CH302H 2.800E+12 0.00 1.401E+04 [77],
C5H10-D1Me3 + CH30 <=> C5H9-R1D3Me2 + CH30H 1.581E+11 0.00 7.012E+03 [81]
C5H10-D1Me3 + CH30 <=> C5H9-R1D2Me3 + CH30H 1.900E410 0.00 8.000E4-02 [77],

Table 6.8: H-atom abstraction for 3-Methyl-1-butene (C5H10-D1Me3). “: allyl cor-

rection for activation energy.

Reactions A n E, Ref
C2H3-R1D1+4C5H12=C5H11-R1+C2H4-D1 1.002E4+12  0.00 1.802E-+04 a
C2H3-R1D1+C5H12=C5H11-R2+C2H4-D1  8.000E+11 0.00 1.681E+404 b
C2H3-R1D1+4+C5H12=C5H11-R3+C2H4-D1  4.000E+11  0.00 1.682E+04 ©
C2H5-R1+C5H12=C5H11-R1+C2H6 1.002E+11 0.00 1.342E+04 a
C2H5-R1+C5H12=C5H11-R2+C2H6 1.000E+11 0.00 1.042E+04 b
C2H5-R1+C5H12=C5H11-R3+C2H6 5.000E+10 0.00 1.042E+04 ¢
CH3+4+C5H12=C5H11-R1+CH4 1.302E+12  0.00 1.161E+04 @
CH3+C5H12=C5H11-R2+CH4 8.000E+11  0.00 9.505E+03 b
CH3+C5H12=C5H11-R3+CH4 4.000E+11 0.00 9.505E+03 ¢
CH30+C5H12=C5H11-R1+CH30OH 3.162E+11  0.00 7.005E+03 @
CH30+C5H12=C5H11-R2+CH30OH 2.192E+12 0.00 5.002E+03 b
CH30+C5H12=C5H11-R3+CH30H 1.096E+12 0.00 5.002E+03 ¢
CH302+C5H12=C5H11-R1+CH302H 1.212E+13 0.00 2.044E+404 a
CH302+C5H12=C5H11-R2+CH302H 8.080E+12 0.00 1.771E+04 b
CH302+C5H12=C5H11-R3+CH302H 4.040E+12  0.00 1.771E+04 €
H+C5H12=C5H11-R1+H2 3.378E+08 2.00 7.710E+03 a
H+C5H12=C5H11-R2+H2 9.800E+07  2.00 5.005E+03 14* AHMO
H+C5H12=C5H11-R3+H2 4.900E+07 2.00 5.002E+03 ¢
HO2+C5H12=C5H11-R1+H202 1.608E+13 0.00 1.966E+04 a
HO2+C5H12=C5H11-R2+H202 9.760E+12  0.00 1.702E-+04 b
HO2+C5H12=C5H11-R3+H202 4.880E+12 0.00 1.702E+404 ¢
O+C5H12=C5H11-R1+0OH 2.196E4+06 2.40 5.507E+03 a
O+C5H12=C5H11-R2+0OH 4.720E+05 2.50 2.201E+03 b
O+C5H12=C5H11-R3+0OH 2.360E+05 2.50 2.201E+03 ¢
02+C5H12=C5H11-R1+HO2 2.502E+13  0.00 4.905E-+04 a
02+C5H12=C5H11-R2+HO2 4.000E+13 0.00 4.761E+404 b
02+C5H12=C5H11-R3+HO2 2.000E+13 0.00 4.764E+04 ¢
OH+C5H12=C5H11-R1+H20 1.0560E+10 0.97 1.592E+403 @
OH+C5H12=C5H11-R2+H20 9.360E4+07 1.61 -3.585E401 °
OH+C5H12=C5H11-R3+H20 4.680E+07 1.61 -3.585E+01 ¢

Table 6.9: H-atom abstraction for n-Pentane (C5H12). ¢: the pre-exponential factor
[81] was multiplied by 6, °: : the pre-exponential factor [81] was multiplied

by 4, ©: the pre-exponential factor [81] was multiplied by 2.
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6.1.3 Class 3: Alkyl and alkenyl radical decomposition

For alkenyl decomposition, the rates of Mehl et al. (2008) [107] were applied
(see tables 6.10 and 6.11). Branched alkyl radicals follow the recommendation
of Ahmed et al. (2007) [81] and the linear alkyl radicals: pent-1-yl (C5H11-R1),
pent-2-yl (C5H11-R2), and pent-3-yl (C5H11-R3) follow the recommendation
of Comandini et al. (2012) [147] presented in tables 6.12 and 6.13, respectively.

Reactions A n FE, Ref
C5H9-R1D4 <=> C2H4-D1 + C3H5-R1D2 3.162E+13 0.00 3.500E+04 [107]
C5H9-R4D1 <=> C2H3-R1D1 + C3H6-D1 1.000E+14 0.00 3.100E+04 [107]

C5H9-R3D1 <=> C4H6-D1D3 + CH3 1.000E+13 0.00 3.750E+04 [107]
C5H9-R1D3 <=> C2H4-D1 + C3H5-R1D2 1.000E+14 0.00 3.000E+04 [107]
C5H9-R1D3 <=> C4H6-D1D3 + CH3 1.000E4+14 0.00 3.250E+04 [107]
C5H9-R2D3 <=> C4H6-D1D3 + CH3 1.000E4+13 0.00 3.750E+04 [107]
H + C5H8-D1D4 <=> C5H9-R1D4 3.160E+10 0.00 1.500E+03 [107]
H + C5H8-D1D3 <=> C5H9-R4D1 3.160E+10 0.00 1.500E+03 [107]
H + C5H8-D1D4 <=> C5H9-R4D1 3.160E+10 0.00 1.500E+03 [107]
H + C5H8-D1D3 <=> C5H9-R3D1 3.160E+10 0.00 1.500E403 [107]
H + C5H8-D1D3 <=> C5H9-R1D3 3.160E+10 0.00 1.500E+03 [107]
H + C5H8-D1D3 <=> C5H9-R2D3 3.160E+10 0.00 1.500E+403 [107]

Table 6.10: Reaction rates for linear C5Hg alkenyl radical decomposition.

Reactions A n Eq Ref
C5H8-D1D3Me2 + H <=> C5H9-R1D2Me2 3.160E+10 0.00 1.500E4+03 [107]
C5H8-D1D3Me2 + H <=> C5H9-R1D3Me3 3.160E+10 0.00 1.500E+03 [107]
C5H8-D1D3Me2 + H <=> C5H9-R1D2Me3 3.160E+10 0.00 1.500E4+03 [107]
C5H8-D1D3Me2 + H <=> C5H9-R1D3Me2 3.160E+10 0.00 1.500E+03 [107]

C5H8-D1-D2Me3 + H <=> C5H9-R1D2Me3 6.320E+10 0.00 1.500E4+03 [107]
C5H9-R1D3Me3 <=> C3H5-R2D1 + C2H4-D1  1.000E+14 0.00 2.850E+04 [107]

C5H9-R1D2Me2 <=> CH3 + C4H6-D1-D2 1.000E+13 0.00 3.750E+04 [107]
C5H9-R1IMD2 <=> C2H5-R1 + C3H4-D1D2 1.000E+13 0.00 3.50E+04 [107]
C5H9-R1D3Me2 <=> CH3 + C4H6-D1D3 1.000E4+14 0.00 3.000E+04 [107]

C5H9-R1D3Me2 <=> C2H3-R1D1 + C3H6-D1  1.000E414 0.00 3.500E4+04  [107]

Table 6.11: Reaction rates for branched C5Hg alkenyl radical decomposition.

Reactions A n E, Ref
C5H11-R1Me3 <=> C2H4-D1 + C3H7-R2 8.500E+10 0.00 1.060E4+04 [81]
C5H11-R2Me3 <=> CH3 + T-C4H8-D2 8.500E+10 0.00 7.800E+03 [81]
C5H11-R2Me2 <=> CH3 + C4H&-D1Me2 2.650E+10 1.19 3.020E+04 [88]
C5H11-R1Me2 <=> C2H5-R1 + C3H6-D1  4.250E-+10 0.00 1.060E+04 [81]
C5H11-R1Me2 <=> C4H8-D1 + CH3 8.500E+10 0.00 7.800E+03 [81]
C5H10-D1Me2 + H <=> C5H11-R1Me2 1.000E+13 0.00 4.900E+03 [81]
C5H10-D1Me2 + H <=> C5H11-R2Me2 1.000E4+13 0.00 1.200E+03 [81]
C5H10-D2Me2 + H <=> C5H11-R2Me2 2.500E+13 0.00 2.900E+03 [81]
C5H10-D2Me2 + H <=> C5H11-R2Me3 1.000E4+13 0.0