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Abstract

The predictive capability of combustion modeling is directly related to the
accuracy of the models and data used for molecular transport and chemical kinetics.
In this work, we report on improvements in both categories.

The gas kinetic theory (GKT) has been widely used to determine the
transport properties of gas-phase molecules because of its simplicity and the lack of
experimental data, especially at high temperatures.

The major focus of this thesis is to determine the transport properties of
complex molecules and suggest an alternative way to overcome the limitations of
GKT, especially for large polyatomic molecules. We also recommend a correction
term to the expression of the diffusion coefficients that allows the expansion of the
validity of the GKT to include molecules with complex geometries and systems at
high temperatures. We compute the diffusion coefficients for three classes of
hydrocarbons (linear alkanes, cycloalkanes and aromatic molecules) using
Molecular Dynamics (MD) simulations with all-atom potentials to incorporate the
effects of molecular configurations. The results are compared with the values
obtained using GKT, showing that the latter theory overestimates the diffusion of
large polyatomic molecules and the error increases for molecules of significantly

non-spherical shape. A detailed analysis of the relative importance of the potentials

XVi



used for MD simulations and the structures of the molecules highlights the
importance of the molecular shape in evaluating accurate diffusion coefficients. We
also proposed a correction term for the collision diameter used in GKT, based on the
radii of gyration of molecules.

In the field of chemical kinetics, we report on the reaction mechanisms for
the decomposition of decalin, one of the main components of jet fuel surrogates. We
identify fifteen reaction pathways and determine the reaction rates using ab-initio
techniques and transition state theory. The new kinetic mechanism of decalin is
used to study the combustion of decalin showing the importance of the new

reactions in predicting combustion products.
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Chapter 1

Introduction

1.1 Fuel surrogates

Computational combustion modeling is an essential tool not only for the
prediction of flame characteristics but also for the optimal design of combustors. In
the use of combustion modeling, conservation equations of fluid dynamics require
mass diffusion coefficients and chemical kinetic mechanisms as an essential input
data to investigate complex flame behaviors such as, flame speed, ignition
characteristics etc. Therefore, the predictive capability of computational modeling is
directly related to the accuracy of diffusion coefficients and kinetic mechanisms not
only of fuel components but also of other chemical species produced during
combustion.

Jet fuels are chemically complex mixtures that consist of a large variety of
molecules with different number of carbons and more than thousands of species.]

In recent years, reaction chemistry models have become more realistic and accurate



to provide insight about complex interactions of reacting flow systems under
various temperature conditions. However, as the size of a molecule increases, the
number of chemical reactions and species grows rapidly. The size of detailed
reaction mechanisms for real fuel components is incredibly large and this
complexity requires huge computational resources to solve kinetic problems.
Therefore, it is not feasible to consider the reaction mechanisms of each single
component of complex fuels. Moreover, the kinetic mechanisms of all fuel
components are not well determined and the possible chemical kinetic interactions
among them are not clearly understood.

As a result, surrogate fuels composed of well known hydrocarbons, which
possess properties similar to those of target fuels, become attractive alternatives for
combustion applications.[?] Surrogate blends are comprised of a relatively small
number (less than ten species) of high purity hydrocarbons. Therefore, using
surrogate blends has the advantage of allowing fuel composition to be accurately
controlled.[3 4]

The major categories of constituents of jet fuel are alkanes, cycloalkanes
(naphthenes), aromatics, and alkenes.[l Alkanes (such as dodecane, tetradecane,
and isooctane) are the most abundant components and account for 50 - 60% by
volume. Cycloalkanes (such as methylcyclohexane, tetralin, and decalin) and
aromatics (such as toluene, xylene, and naphthalene) represent 20 - 30% by volume,
and alkenes account for less than 5%.

Simple fuel properties, such as hydrogen/carbon (H/C) ratio, can be readily

matched with a single-component surrogate.l®] However, other fuel properties, such



as chemical composition, ignition delay, soot formation, and molecular transport
properties, usually require more components to be accurately reproduced.[®]

Although chemical kinetic mechanisms of hydrocarbons that comprise fuel
surrogates have been widely studied,!7-°1 molecular transport data of those species,
especially for hydrocarbons that have large number of atoms, have not yet
experienced similar focus. Analytical equations derived from gas kinetic theory are
still widely used to compute mass diffusion coefficients for low density gas
combustion systems irrespective of the configurations of molecules. Consequently,
important questions about mass transport are being raised: How can diffusion
coefficients be determined, especially for polyatomic molecules with long chains
such as, dodecane (Ci2H26)? What is the effect of molecular shapes on diffusion
coefficients under high temperature reacting flow conditions? Can gas kinetic theory
be used for polyatomic molecules?

Recent advances in computational approaches, especially Molecular Dynamics
(MD) simulations, can overcome the problems of analytical approaches in
determining transport properties. In MD simulations, the configurations of
molecules can be considered by describing bonding and angle interactions of all
atoms that comprise polyatomic molecules. Molecular modeling techniques can
reveal discrepancy with the gas kinetic theory and provide an explicit way to
compute improved diffusion coefficients of polyatomic molecules.

The highlight of this study is twofold: first, we identified correlations
between molecular configurations and diffusion coefficients by wusing MD

simulations. Second, we suggested correction factors to gas kinetic theory for



hydrocarbon classes. These corrections will provide a straightforward approach to
compute improved diffusion coefficients of large hydrocarbon molecules, as well as
new fuel components when both experimental measurement and theoretical
analysis are not feasible.

MD simulations will also provide new Lennard-Jones 12-6 potential
parameters, o and ¢, for each molecule, which can be directly applied to gas kinetic
theory for diffusion calculations. These parameters will be an improvement upon
existing data or will be completely novel for molecules in situations where this

information is unavailable.

1.2 Mass diffusion

Transport of macroscopic properties arises as a result of microscopic
molecular motions.[1%1 Transport processes occur when non-uniform spatial
distribution of macroscopic quantities such as, composition, temperature, and flow
velocity perturbs equilibrium states. The results of these molecular transport
processes appear as non equilibrium phenomena of mass diffusion, heat conduction,
and viscosity at macroscopic level.

For low density gas systems, free molecular motion, where the mean free path
of a molecule is much larger than the radius of the molecule, is dominant in flow
regions. As a result, molecules move freely and molecular collisions are described by
only binary interactions.l!ll Gas kinetic theory is well established under this

condition, for molecules that have spherical structure such as, methane (CH4).



Among transport properties, mass diffusion coefficients exert the biggest
influence on deciding the characteristics of low density gas combustion systems.
Mass diffusion results from the relaxation process of a state perturbed by a
concentration gradient, to an equilibrium state. It represents the mobility of each
species in fluid flow.[11] Diffusion coefficients are expressed by Fick’s law of diffusion

as:

J=DVC (1.1)

where D, the constant of proportionality, is the diffusion coefficient, J is the mass
flux, and VCis the concentration gradient of a species in a fluid. The diffusion
coefficient is a property that related microscopic fluctuations to macroscopic flux
and it is generally a function of temperature and density of a fluid.

Diffusion coefficients are essential data to solve the species conservation
equation in flame modeling. In general, for a multicomponent combustion system,
we can assume that thermal or pressure induced diffusion are negligible.[12 13]
Therefore, mass diffusion has a dominant effect on determining the balance among
the species in a reacting flow. Specifically, mutual mass diffusion coefficients

between nitrogen and fuel components critically influence flame characteristics.

1.2.1 The effect of mass diffusion on flame modeling
Flame modeling requires accurate mass diffusion coefficients over a wide

range of temperature and pressure conditions. Although several experiments and
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theoretical studies have been reported, most of the measurements were conducted
at relatively low temperatures (less than 500K).[14-20] Moreover, data on mass
diffusion still include considerable uncertainties. Therefore, the range of
applicability for combustion modeling is limited.[21]

In recent years, numerous theoretical and modeling studies have reported
the importance of mass diffusion coefficients in flame modeling.[22-26] H;/air flame
simulations, employing different transport formulations, produced between 15 - 30%
difference in predicted extinction strain rates.[25] Non-premixed flame modeling of
hydrocarbon surrogate fuels reported that the measured extinction strain rates are
related to the size and mobility of molecules. As the size of molecules decreases,
resistance to extinction strain rate increases.!l! Sensitivity analysis of ignition,
laminar flame speed and extinction strain rates to diffusion coefficients showed that
the sensitivity of diffusion is of the same order or larger than the ones of main
chemical reactions such as, H+0; —» O+0H.[25, 26]

Modeling of dodecane (n-CizH26) non-premixed flames showed that the
computed extinction strain rates were notably sensitive to the mutual diffusion
coefficients of normal dodecane and nitrogen in addition to those of oxygen and
nitrogen.[27] This result clearly implies that diffusion coefficients of fuel species are
critical in deciding extinction characteristics of non-premixed flames.

McEnally et al. studied co-flow laminar non-premixed flames and reported
the consumption rate of normal heptanes was slower than that of 2,2,3-
trimethylbutane in experiments.[28] This result is inconsistent with the main

consumption routes for heptanes. Hydrogen abstractions and carbon bond fission



processes should consume 2,2,3-trimethylbutane less rapidly than normal
heptanes.[2°] This inconsistency between the experimental evidence and Kinetics
was caused by transport properties of the two isomers.

All the above studies show the importance of diffusion coefficients in
combustion modeling. However, the results only measured the effect of mass
diffusion in a qualitative manner. Those studies employed monatomic sphere model
to compute diffusion coefficients of polyatomic molecules in the frame of gas kinetic
theory. Moreover, none of these studies reported any method to improve the
accuracy of diffusion coefficient for combustion modeling. Therefore, alternative
approaches that can overcome the limitations in gas kinetic theory should be
proposed to improve predictive capability of combustion modeling and quantify the

effect on flame characteristics.

1.2.2 Approach for diffusion of polyatomic molecules

Gas kinetic theory utilizes a critical assumption that all molecules have
spherical structures to analyze the dynamics of molecular collisions. This approach
is reasonable and produces reliable diffusion coefficients for small molecules such
as, methane and nitrogen. However for large polyatomic molecules such as,
dodecane and hexadecane, the validity of the assumption is not obvious and needs
to be verified. Therefore, the first step to understand the limitations of gas kinetic
theory should be the incorporation of the effect of molecular configurations into
diffusion calculations by evaluating all interactions among atoms that comprise

molecules. Since constituents of hydrocarbon fuels typically have structures which

7



deviate significantly from sphere, quantification of this effect on diffusion is needed
to improve the accuracy of diffusion coefficients.

For this purpose, we computed diffusion coefficients, taking into account
detailed molecular configurations, and proposed modifications to the gas kinetic
theory, which can be used for low density gas systems. To consider the detailed
morphology of molecules, we employed Molecular Dynamics (MD) simulations with
all-atom potentials. Atomistic level potentials can explicitly treat all bonding and
angle interactions within a molecule, as well as non-bonded interactions between
different molecules. As a result, our approaches can overcome the limitations of gas
kinetic theory and will provide an explicit way to compute diffusion coefficients of
polyatomic molecules.

MD simulations have been widely used to obtain diffusion coefficients of both
liquid and gas systems. However, results concerning the applications of MD to high
temperature systems have not yet been reported. Hence in this study we computed
diffusion coefficients of relatively high temperature gas systems by using MD
simulations. This work will produce molecular transport data applicable to

combustion modeling.

1.3 Kinetic mechanisms
Chemical kinetic mechanisms have been an essential part of combustion
modeling, ranging from simple flame burners to automotive engines and gas
turbines for aviation fuel combustion.[30-33] Typically, detailed kinetic mechanisms,

which consist of thousands of reactions, are too large to be solved in Computational



Fluid Dynamics (CFD) models of real scale reacting flows. Therefore, reduced
chemical kinetic mechanisms, such as skeletal mechanisms[34 35], are still commonly
used for all practical combustion modeling. Reduced kinetic models can be obtained
from validated detailed kinetic mechanisms to predict a range of experimental data.
In other words, reduced models should be optimized based on accurate chemical
reaction energies and reaction rates obtained from quantum chemistry technique or
experimental approaches. All possible reaction pathways of chemical species should
be identified before the reduced kinetic mechanisms are constructed. In recognition
of this need, detailed chemical kinetic mechanisms have been developed and
evaluated for various hydrocarbon fuel components by using ab-initio methods or
experimental measurements. Previous research has reported detailed reaction
mechanisms of normal alkane groups including n-heptane (n-C7Hie) and its
isomers[3¢-38l; n-alkanes from n-octane (n-CsHis) to n-hexadecane (n-CisHz4)[3%;
aromatics including toluene (C7Hsg)l*%; and cycloalkanes including cyclohexane
(CeH12)[331 and methylcyclohexane (C7H14)[#1l. These studies can provide extensive
information to build reduced kinetic mechanisms. However, detailed reaction
mechanisms of various aromatic molecules and especially cycloalkanes are still less
defined and are confined to small molecules because of their complex reaction
mechanisms and large number of possible reactions. Therefore, reaction pathways
of cycloalkanes should be constructed to improve the capability of predicting
combustion chemistry of fuel surrogates.

In recognition of this need, in this study, we will perform the analysis of

breakdown mechanisms of decalin (Decahydronaphthalene- CioH1sg), a reference



component of multi-ring naphthene classes for jet fuel surrogate, by using Density

Functional Theory (DFT) method.

1.4 OQOutline

The objective of this thesis work is to develop a predictive model for the
combustion of jet fuels surrogate components. The major body of this study focuses
on determining the diffusion properties of complex hydrocarbons over a wide range
of temperatures using Molecular Dynamics simulations. Specifically, we will address
the effect of molecular structures on diffusion coefficients, and propose
implementations to the current models to take into account the geometry of
molecules.

In order to implement the kinetics of jet fuel surrogate, we use ab-initio
methods to determine reaction pathways of cycloalkanes, an important class of
compounds in jet fuel surrogates. The reaction model is then compared with
experimental data to assess the strength of the model in predicting important
combustion properties.

Brief descriptions of each chapter are presented below.

In chapter 2, basic theory of mass diffusion in low density gas conditions is
reviewed. A set of mathematical expressions are derived for mutual mass diffusion
coefficients in the frame of gas kinetic theory and statistical mechanics. After these

short review sections, mutual diffusion coefficients of hydrocarbon molecules in
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nitrogen are computed and the effect of molecular configurations is analyzed in the
following order.
= First, comparison between MD simulations and available experimental data
is conducted to confirm the validity of MD simulations.
= Second, heptane isomers are selected to test the capability of all-atom
potentials to capture the effect of molecular structures on diffusion
coefficients.
= Third, mutual diffusion coefficients of normal alkanes, aromatic molecules,
and cycloalkanes in nitrogen carrier gas are computed with both MD
simulations and gas kinetic theory over the temperature range of 500 ~
1000K and at 1 atm pressure. The results are compared to show deviations
caused by using monatomic potentials or all-atom potentials for the same
molecules.
= Finally, radius of gyration for target molecules is computed and compared to

collision diameters.

Chapter 3 reports on potential approaches that can eliminate the effect that
arises from using different potentials. Gas kinetic theory and MD simulations should
use potentials that have the same functional form to isolate the effect of molecular
configurations on mass diffusion coefficients. For this purpose, new molecular
potential parameters for gas kinetic theory were obtained by using atomistic MD

simulations.
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= First, free energy calculations are conducted to compute chemical potential
of liquid and vapor states.

= Second, based on chemical potential and pressure data, thermodynamic
properties, such as critical properties and boiling temperatures are
estimated.

= Third, the correlation of corresponding state is applied to define new
molecular potential parameters from the thermodynamic properties. The
comparison is carried out between MD simulations and gas kinetic theory
with the molecular potential parameters.

= Finally, we tested the relative contribution of molecular configurations and

force field to diffusion coefficients.

Chapter 4 describes the kinetic studies carried out for the cycloalkane class
of compounds in jet fuel surrogate. The potential energy surface is explored to
investigate the breakdown mechanism of Decalin (Decahydronaphthalene, C10H1s), a
potential candidate of cycloalkane class for jet fuel surrogates. The Density
Functional Theory (DFT) method (B3LYP) is used to identify possible reaction
pathways. Rice-Ramsperger-Kassel-Marcus (RRKM) and Transition State Theory
(TST) are employed to compute high pressure limit reaction rate constants for the
identified reaction pathways. A kinetic analysis is also performed for pyrolysis

conditions to evaluate the importance of each reaction pathway.

In chapter 5, the highlights of the work are summarized.
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Chapter 2

Mutual diffusion coefficients of hydrocarbons in nitrogen

2.1 Investigation of mass diffusion
The most common approach to investigate the molecular transport of low
density gas systems is to use the Boltzmann transport equation of gas kinetic theory.
The solution of this transport equation, combined with Lennard-Jones potential
parameters, suggests a simple analytical expression for self and mutual diffusion
coefficients. This approach has been applied over wide range of flame modeling due
to the ease of use even though the theory was developed for only monatomic

molecules.[42]

2.1.1 Gas Kkinetic theory
Polyatomic molecules interact through the potentials between atomic
interacting sites located in each molecule. The major difficulties in the analysis of
binary collision between these molecules are the existence of inelastic collisions and

13



the very complicated trajectories associated with angle dependent potentials.[11]
Kinetic theories for polyatomic gases were derived in three different ways. Taxman
suggested the classical kinetic theory.[*2] Wang Chang and Uhlenbeck developed the
semi-classical theory which describes internal quantum states of a molecule as
separate chemical species so that the translational motion can be treated
classically.[*3] Waldmann,[*4l and Snider formulated fully quantum mechanical
kinetic theory.[*>] However, direct application of these theories to compute diffusion
coefficients of polyatomic molecules is still too complex because of the difficulties in
assessing the dynamics of molecular collisions. Therefore, the analysis of collision
dynamics of polyatomic molecules should rely on the approximate method of
evaluating collision integrals that contain all of the information about interaction
energy related to intermolecular pair potentials and scattering mechanism of
molecular collisions.l11] The most widely used approximation scheme for evaluating
angular dependent interaction for transport properties has been proposed by
Mason and Monchick and Mason.[#¢] The authors computed collision integrals with
following assumptions:
1) Inelastic collisions have little effect on trajectories.

Most inelastic collisions involve the transfer of only one quantum

rotational energy and this amount of energy is much less than kgT.

However the translational kinetic energy is of the order of ksT.

2) In a given collision only one relative orientation is effective.
Although the potential acts along the whole trajectory, the deflection

angle is determined by the interaction in the closest distance of the
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colliding molecules. The relative orientation of two colliding molecules
does not change substantially.
3) Every possible orientation has equal weight
4) Quantum effects are neglected
These assumptions make the dynamics of a collision a mathematically manageable
problem. The collision integrals for a given pair of molecules are tabulated as a
function of the reduced temperature, 7" . Based on these integrals, the Chapman-
Enskog solution to Boltzmann transport equation can give a simple mathematical
expression for mutual diffusion coefficients. Hirschfelder et. al. followed the
Chapman-Enskog approach, combined with the Lennard-Jones (L-]) 6 - 12
intermolecular potential function, and suggested the Hirschfelder-Bird-Spotz (HBS)

equation for mutual mass diffusion coefficients.[?1]

3k, TY [ (2mmy,)

e =8 ok ()

(2.1)

where kg is the Boltzmann constant; 7 is the temperature of a system; m,, is the
reduced mass of the pair components; n is the average number density; o, is the
collision diameter of two species and Q™" is the collision integral. The collision
integral depends on the reduced temperature, 7" =k,T /&,,, where &, is the

energy well depth of the intermolecular potentials. The main disadvantage of this

equation is the difficulty encountered in evaluating the collision diameter, o,,, and
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potential energy well depth, ¢, These two parameters are usually obtained from

viscosity measurements.[*’l However, only limited amounts of measurement data
are available for polyatomic molecules. Therefore, the correlations of corresponding
states of Tee et al. are frequently employed to estimate the parameters for fluids.[“8]
According to this theory, the volumetric behavior and the intermolecular
forces in a fluid can be characterized by critical pressure, P, critical temperature, T,
and acentric factor, w, of the fluid. Therefore, the two potential parameters (o and ¢)

can be predicted from the three quantities.

P 1/3

G[F:) =a +bow (2.2)

——=a,+bw (2.3)
BYc

where ‘a’and ‘b’ are empirically derived coefficients and w is an acentric factor that
measures non-sphericity of a molecule. The empirical coefficients are derived from
the viscosity and second virial coefficient data of 14 substances ranging from inert

gases to benzene and normal heptane.

a,=2.3551, b, =-0.3955, a,= 0.8063, b,= 0.6802

Lee and Kesler developed an analytical correlation, based on the 3-parameter

corresponding states principle for the acentric factor, w.[*]
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,_=In(R)~5.927+6.096/T,, +1.288In(7,, ) ~0.1697,,
15.252-15.687 /7, —13.472In(7,, ) +0.436T2

(2.4)

where 7, =7, /T., T» and T. denote boiling and critical temperature respectively.

Typically, experimentally measured thermodynamic properties (P, T, and Tp) are
used for the above equations. However, the lack of these measurement data makes it
possible to apply the Chapman-Enskog (C-E) equation for only limited number of
molecules.

Another approach for molecular transport is to use atomistic modeling
techniques, such as Molecular Dynamics (MD) simulations. The main advantage of
this strategy over gas kinetic theory is that complete atomistic representation of a
molecule can be achieved by using molecular configuration data and all-atom
potentials. Therefore, MD simulations are especially useful for polyatomic molecules

that comprise fuel surrogate blends.

2.1.2 Green-Kubo formula and MD simulations
The fluctuation dissipation theorem, which is the basis of linear response
theory, suggests an advanced way to express the mass diffusion coefficient.[50-521 The
mathematical formulation of the theorem is expressed as the Green-Kubo (G-K)
relations.[50 This formula can determine diffusion coefficients from microscopic

fluctuations in systems at the equilibrium state instead of considering non-
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equilibrium systems.[53] As a result, this approach establishes a theoretical basis for
computing mass diffusion coefficients from equilibrium MD simulations.

The G-K formula expresses the self diffusion coefficient as the ensemble
average of the velocity auto correlation functions of time. The mutual mass diffusion
coefficient is defined as the combination of the ensemble average of velocity auto-
and cross-correlation functions of time. The cross correlation terms describe the
momentum transfer of a particle through its neighbors.[>4 The mutual diffusion

coefficient is expressed as/55]

D, = Q|:X201 +x,D,+x,x, (%+fi§—2iﬂ (2.5)
X, X, XX,
D, = %I:(ﬁ;’(t) .4%(0))dt (2.6)
1 *© —a —~a
£, =§j0 (ii7 (¢)- 7 (0))dt (2.7)
£o=1 [ (a“@)-a* (0))dt (2.8)
aff 3 0 '

where D, is the time integral of velocity auto-correlation functions of species a, u“
and 4” are the velocity vectors of species a and B, £, and £,; are the time integrals

of velocity cross-correlation function between the same species and between

species a and f respectively. x, is the mole fraction of each species, while the

angular brackets denote the ensemble average. @ is a thermodynamic factor related

to the compositional derivative of chemical potential and corrects compositional
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dependence in diffusion flux.[56] The Q factor can be determined from the integral of
the radial distribution functions. For a binary mixture system, the parameter is

defined asl[55]

1

Q= (2.9)
1+x,x,0(C +T,,—2I,)

T, =4z r’[g,(r)-1]dr (2.10)

T, =4;rj0°°r2 [g,,(r)—-1]dr (2.11)

where g, (r) and g,,(r) are the radial distribution functions between same
species and between species a and f respectively. I, and I, represent the spatial

integrals of the radial distribution functions. For a thermodynamically ideal mixture,
defined as the perfectly mixed state of a mixture, the integrals of the radial
distribution functions of each species are identical, and Q can be approximated as

unity.[57]

2.2 Computational method: Molecular Dynamics simulations

2.2.1 All-atom Force field
When using Molecular Dynamics (MD) simulations, potential parameters

used to describe intermolecular interactions between molecules are critical for
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predicting physical and chemical properties. Quantum mechanical approaches can
predict intermolecular potentials with accuracy but high computational cost limits
their applications to small systems. Therefore, molecular modeling approaches
typically employ empirical force fields.

The united atom (UA) model, in which a group of atoms are represented by a
single pseudo-atom, is computationally appealing and has been widely used in
predicting fluid properties.[>8-60] However, reported results showed the inadequacy
of UA model.[61.62] [n those studies, self diffusion coefficients obtained by using the
UA model are too large due to the absence of hydrogen bonding and the smoother
potential energy surface that results from neglecting hydrogen atoms. The all-atom
model can resolve these issues by considering hydrogen atoms of hydrocarbons
explicitly and can provide an accurate description of the shape of molecules.

The OPLS AA force field, used in this study, is an empirical all atom force field
and can be applied for a wide range of hydrocarbon molecules.[¢3! This force field
has been widely used to obtain thermodynamic and transport properties of liquid
systems that consist of polyatomic molecules and the results of these studies
showed a good agreement with available experimental data.[64-68] However, the
validity of these potentials for low density gas systems should be addressed. The
parameters of OPLS AA potentials were optimized by matching liquid densities and
vaporization enthalpies of various hydrocarbon molecules near normal boiling
temperatures.[®3] The accuracy of these parameters for high temperature low

density gas systems is still unknown. Therefore, we should test the capability of
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OPLS AA parameters, at least for high temperature gas diffusion calculations, by

comparison with available experimental data.

2.2.2 Potential model
The OPLS AA force field utilizes the Lennard-Jones (L-]) 12-6 potential model

for determining interatomic interactions between two atoms.

o[22

where r is the distance between two atoms; o represents a separation distance at
which potential energy becomes zero; ¢ is the energy well depth of L-J potentials.

The interactions for unlike molecules are computed by using Lorentz-Berthelot

combining rules.[69 70]
1
Oy :E(a, +o) &= [E¢, (2.12)

All molecules were treated as fully flexible by allowing bond stretching and
angle vibration, as well as the change of torsion angle. Bond stretching and angle

vibration were represented by harmonic potentials
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1
Voons = K (r =13} (2.13)

2

v =%ke(9—90) (2.14)

angl

where Vpona and Vangle denote bond and angle potentials respectively; k, and ke
represent force constants for bending and angle interactions; ro and 6y are
equilibrium distance and angle. Ryckaert-Bellemans function was used for the

description of torsional energy.

5
I/l'orsion = ZCII (COS(D)H (215)

n=0

where C, are coefficients and ¢ is dihedral angle. Torsional potential is coupled with
1 - 4 nonbonded interactions and will change conformational energy profiles.
Therefore, a scaling factor of 0.5 was used for 1 - 4 nonbonded interactions to
prevent a change of energy profile.

Interatomic interactions were truncated with the cut off distance of 18A and
long-range corrections for energy and pressure were considered during the
simulations. Electrostatic interactions were computed with the same cutoff distance

of 18 A based on the distance between two charge groups.

949

elec —

2.16
4drg,r (2.16)
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where q is partial charge of an atom and &y is the permittivity of vacuum.

2.2.3 Simulation method

Simulations were conducted in the temperature range of 500 ~ 1000K and 1
atm pressure. The initial position of each atom is achieved by placing them arbitrary
position in a simulation box and the initial velocity of each atom was generated with
a Maxwellian distribution at a give temperature. Total simulation time was 14ns and
velocity components of each atom were recorded every 50 time steps. The force
acting on each atom was calculated with Newton’s equation of motion and given
force field. To integrate the equation of motion, the verlet leapfrog numerical
algorithm was used with a time step of 1.0 fs. All MD simulations were carried out
with the GROMACS software packages.[71]

In defining system sizes, we used experimentally measured densities at each
temperature and utilized periodic boundary conditions of cubic box. The canonical
ensemble (NVT) was obtained by employing a global Nose-Hoover global

thermostat.[72 73]

2.2.4 The effect of the thermostat
Nose-Hoover thermostat controls temperature by expanding phase space
with scaled momentum.[74] The velocity components of particles can be perturbed
by this scaling method. Therefore, computing transport properties requires a very

weak perturbation so that the thermostat exerts negligible influence on the final

23



results. Studies of self and binary diffusion coefficients of pure liquids such as Ny,
CO2, C2He, and CzHs showed that the Nose-Hoover global thermostat did not
influence significantly the values of diffusion coefficients.l”5] However, the effect of
thermostat on transport properties in high temperature gas systems has not been
addressed. Therefore, we compared the results of NVE ensemble with those of NVT
ensemble to identify the effect of the thermostat on diffusion coefficients. Normal
heptane and nitrogen (n-CsHie¢/N2) mixtures were used and simulations were
performed at two different temperature conditions (500K and 1000K) as the
strength of the temperature coupling varies. The coupling strength of the Nose-
Hoover global thermostat is expressed with the period of the oscillations of kinetic
energy between the systems and the reservoir. Short oscillation times produce

strong coupling and vice versa.

Table 2.1 Mutual diffusion coefficients of n-C7H1s/N2 mixture at 1 atm with NVE and

NVT ensembles with 1.0 ps coupling parameter.

D12 [cm?2/s]

Temp. NVT NVE

500K 0.172 £ 0.005 | 0.173 £ 0.007

1000K | 0.557 £0.013 | 0.558 £ 0.016
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Figure 2.1 Comparison of velocity auto-correlation functions of n-C;Hie with NVE
and NVT ensembles with 1.0 ps coupling parameter at 1 atm and (a) 500K, (b)

1000K.

As shown in Table 2.1, the deviations between the two ensembles are less than 1%
of the computed diffusion coefficients. Figure 2.1 also demonstrates that velocity
correlation functions are well matched with each other. In Table 2.1 and Figure 2.1,
we reported results obtained by using 1.0 ps coupling parameter but we tested
different coupling values in the range of 1.0 - 100.0 ps. These calculations showed
that the deviations were less than 1% irrespective of the applied coupling
parameters. Based on these results, we concluded that the Nose-Hoover global
thermostat has negligible effect on diffusion coefficients of the high temperature gas
systems considered in this study and subsequently we justified the use of the NVT

ensemble to obtain target temperatures in all simulations.
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2.2.5 Velocity correlation
Figure 2.2 illustrates that the velocity was sufficiently decorrelated within 3
ns in the temperature range considered. However we used longer relaxation time (7
ns) for our calculations to improve the statistical accuracy in the tail region.
Typically longer relaxation time is required for polyatomic molecules than
monatomic molecules because the translational and vibrational motions have
different relaxation time. Our simulation results showed that 7 ns relaxation time

was adequate for the complete decay of the correlation functions.
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Figure 2.2 Normalized velocity correlation functions of n-C7His in the mixture at 1

atm and (a) 500K, (b) 1000K.
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2.3 Benchmark of computational approaches

2.3.1 The effect of system size
Four systems that have different numbers of molecules were simulated to
test the effect of system size on diffusion coefficients. Figure 2.3 and Table A.1 in the
Appendix A show computed mutual diffusion coefficients of normal heptane and
nitrogen (n-C7H1s/N2) mixtures at 500 and 1000K. The error bars in Figure 2.3

represent standard deviations.

0.60 —
0.55- } ¢ 5
0.50- .
2 045 . 500K 1
5 7 o 1000K F
S _
0.20- :
* § i i
0.151 |

50:500 100:1000 300:3000 500:5000

Number of molecules [C H. = N,]

Figure 2.3 Mutual diffusion coefficients of n-C7H1s/N2 mixtures at 1 atm for different

system sizes with error bars obtained from MD simulations.
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The maximum differences among the four mixtures are around 5% at the
both temperatures. When considering the error ranges, we can conclude that all of
the testing systems produced very similar diffusion coefficients. However, Figure 2.3
illustrates that system B (1100 molecules) has much larger statistical error
compared with that of system C (3300 molecules) or D (5500 molecules), especially
at high temperature (1000K). Although, system D showed slightly better results
than system C, we decided system C as the basis size for all our simulations due to

the compromise between the accuracy and computational cost.

2.3.2 The effect of concentration
In principle, mutual diffusion coefficients of ideal gas systems are
independent of relative concentration of each species. Therefore, the Chapman-
Enskog (C-E) equation (equation 2.1), derived from gas kinetic theory, does not
include any concentration dependent variables.
To evaluate the effect of concentration on diffusion, we analyzed 1%, 5%, and
10% mole fractions of n-C7His in the mixtures. We limited the mole fraction of
hydrocarbons at 10% because one of the main goals of this study is to compute
mutual diffusion coefficients for systems relevant to combustion applications. In
general combustion conditions, fuel concentrations for stoichiometric condition are
very low compared to those of nitrogen.
Table 2.2 shows mutual diffusion coefficients of n-C;His/N2 mixture at

different concentration ratios. This result confirms that MD simulations also
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produce diffusion coefficients that are independent of the mole fractions of each

species in a low density gas, consistent with standard gas kinetic theory.

Table 2.2 Mutual diffusion coefficients of n-C7H16/N> for different concentrations of

n-C7H1s (1%, 5%, and 10%) with MD simulations at 1atm.

D12 [cm?2/s]
Temp. 1% 5% 10%

500K 0.172+0.006 | 0.173+0.007 | 0.172 £0.005

1000K | 0.564+0.017 | 0.558+0.013 | 0.557 £0.012

2.3.3 Validity of atomistic force field for high temperature gas mixture

Since the OPLS AA potential parameters were optimized at normal boiling
temperature, direct application of this force field to different temperature
conditions cannot guarantee the accuracy of computed diffusion coefficients.
Therefore, comparison with available experimental data is needed to identify the
validity of the potentials under such conditions. However, only small amount of
experimental data are available for mutual diffusion coefficients of high
temperature gas systems especially for hydrocarbon/N2 mixtures. Consequently, we

chose n-C3Hg/Nz and n-C4H10/N2 systems for our test simulations.
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Figure 2.4 Mutual diffusion coefficients of n-C3Hg/N2 and n-C4H10/N2 mixture at 1

atm (MD: Molecular Dynamics simulations, EXP: experiment).

For n-C3Hg/N: mixture, simulation results show better agreement with
experimental results (around 3% deviations) than n-C4H10/N2 mixture (around 10%
deviations). Since n-C3Hg/N: results were recently measured data that utilized the
reverse-flow gas chromatographic technique,[’6! we surmise that they are more
accurate than experimental results of n-C4H10/N2 mixture reported around 30 years
ago.l6l However, when considering the reported uncertainty of the experimental
measurements (around 3%),[7¢] we concluded that MD results were in a reasonable
agreement with experimental data. Consequently, we believe that the OPLS AA force
field can produce reliable diffusion coefficients for the high temperature (500K ~

1000K) gas systems considered in this study, at 1 atm pressure. Moreover, the goal
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of this study is to identify the effect of molecular shapes on mass diffusion
coefficients and assess the validity of gas kinetic theory for polyatomic molecules
rather than compute exact diffusion values. Therefore, we concluded that the above
comparison demonstrated the validity of the use of the OPLS AA potentials for the
goal of this study. Further results of calculations are listed in Table A.2 in the

Appendix A.

2.4 Diffusion coefficients of heptane isomers

2.4.1 Configurations of heptane isomers

Although all-atom force field can describe molecular structures, we need to
clarify the effectiveness of these potentials in capturing the difference in the
configurations of molecules. For this purpose, we computed diffusion coefficients
for the mixtures of nitrogen and six heptane isomers. Since all isomers have the
same mass, deviations in computed diffusion coefficients among isomers originate
entirely from their structural differences. Moreover, the structural differences are
quite subtle so we expect that only a small amount of variance will manifest in final
diffusion values. Capturing these small discrepancies will verify the validity of our
approach to address the effect of molecular structures on mass diffusion coefficients.

Molecular configurations of the 6 heptane isomers are listed in Figure 2.5:
normal heptane (n-C7Hie) a linear chain molecule, 2-methylhexane (2-C7H1s), 2,2-

dimethylpentane (2,2-C7H1¢), 2,3-dimethylpentane (2,3-C7H1s), 3,3-dimethylpentane
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(3,3-C7H16), and 2,2,3-trimethylbutane (2,2,3-C7His) which has an approximately

spherical shape due to its high branching.

P G N

(a) n-C7H1e (b) 2-C7H16 (c) 2,2-C7H1s
(d) 2,3-C7H16 (e) 3,3-C7H1s (f) 2,2,3-C7H1s

Figure 2.5 Molecular configurations of the six heptane isomers.

2.4.2 Simulation results

In using the Green-Kubo formula (equation 2.5), we assumed the
thermodynamic factor, @, is unity. In order to validate this assumption, we
computed the radial distribution functions (RDF) for the six heptane isomer systems
and obtained thermodynamic factors. Figure 2.6 plots the computed RDFs of n-
C7H16/N2 mixture at 500K and latm. The shapes of RDFs of the six isomers match
almost exactly. Consequently, the values of the thermodynamic factors are in the
range of 0.9990 - 0.9993 for the temperature range considered (see Table 2.3).

This result reveals conventional characteristics of high temperature low
density gas mixtures. A system in a low density has very large mean free path

between particles so that the distributions of molecules are very similar irrespective
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of molecular structures and sizes. Under this condition, a binary system typically
makes a homogeneous mixture. As a result, the spatial integrals of the three RDFs in

equation 2.9 generate very similar values each other and the Q factor becomes unity.

Table 2.3 Thermodynamic factors of six heptane isomers/N; mixtures.

Mixture Q
n-C7H16/N2 0.9990
2-C7H16/N2 0.9991

2,3-C7H16/N2 0.9993

2,3-C7H16/N2 0.9991

3,3-C7H16/N2 0.9990

2,2,3-C7H16/N2 0.9990

2.0 T T T T T T T T T y T

1.5

1.0+

RDF

0.5

0.0 T

Figure 2.6 Radial distribution functions of n-C7H1¢/N2 mixture at 500K, 1 atm.
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Figure 2.7 shows the distribution of diffusion coefficients of the isomers at
500K and 1000K. The differences in diffusion coefficients are small at low
temperature and increase with temperature. The results illustrate that as the
number of alkyl branches increases, the corresponding diffusion coefficients
increase. Experimental work on heptane isomers/helium mixtures also reported the
same trends of isomer diffusions. Eli Grushka et at.[’7. 78] showed that heptane
isomers that have larger number of alkyl branches produced higher diffusion
coefficients. The consistency of these results justifies that our approach is able to

reproduce the experimental measurement correctly.
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Figure 2.7 Mutual diffusion coefficients of heptane isomers in nitrogen with error
bars at two different temperatures and 1 atm: Isomers - (1: n-C7H1e, 2: 2-C7H1s, 3:

2,2-C7H1e, 4: 2,3-C7H16, 5: 3,3-C7H1s, 6: 2,2,3-C7H16)
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The above results illustrate that the number of methyl branches and their
relative locations in a molecule changes the overall molecular configurations and
these structural variations affect diffusion values. To identify these effects, we
computed radius of gyrations (Rg) of heptane isomers and investigated the relation
between diffusion coefficients and molecular configurations. The radius of gyration
of a molecule describes the overall spread of atoms and represents their equilibrium
conformations. Therefore, it has been used as geometric factors for various
polyatomic molecules.[79-81] In this study, we computed the radius of gyrations from

the following relation:

Rg=>1,, (2.17)

where Io denotes the moment of inertia of principal axes.

Since, in gas kinetic theory, a diffusion coefficient is proportional to the
square inverse of a collision diameter (o), a geometric factor of a molecule, we used
the square inverse of radius of gyrations (Rg) for comparison. Figure 2.8 shows that
Rg explains the trends of diffusion coefficients of heptane isomers (Figure 2.7). As
Rg decreases, diffusion coefficients increase and a collision diameter has the same

effect on diffusion coefficients in gas kinetic theory.
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Figure 2.8 Mutual diffusion coefficients of heptane isomers in nitrogen versus the

square inverse of radius of gyrations (Rg) of the isomers at 1 atm and (a) 500K and

(b) 1000K.

37



The above result implies that Rg can be related to a collision diameter and can be
used as a geometric factor that explains the trends of diffusion values. Figure 2.8
also reveals that as the number of methyl branches increases, the collision diameter
(or Rg) decreases and, consequently, a diffusion coefficient increases.

To address the temperature dependence of diffusion coefficients, we plotted
the results in the temperature range considered (See Figure 2.9). In Figure 2.9, only
three isomers are presented for clarity of the plot. Experimental measurement of
mutual diffusion coefficients for gas mixtures at 1 atm showed that measured values

had the following forml(76. 821

D,=AT" (2.18)

where A and n are fitting constant and T is the temperature of the system. Therefore,
we will express diffusion coefficients in the same way by fitting our results with
equation 2.18 through least mean square fitting procedure.

The mixture of 2,2,3-C7H16/N2 has the highest mass diffusivities among
isomers in all temperature due to the smallest collision diameter (or Rg) and n-
C7H16/N2 has the lowest diffusion coefficients. More results about all other isomers

are listed in Table A.3 in the Appendix A.

38



0.7 —

T T T T T
| = nCH/N, A
064 ® 22CHN, e ]
| A& 223-CH/N, o
0.5- .
= 04l
g i
O, 4
0 0.3 .
0.2+ -
0.1

500 600 700 800 900 1000
Temperature [K]
Figure 2.9 Mutual diffusion coefficients of three heptane isomers in nitrogen as a

function of temperature at 1 atm. Symbols: MD results; Curves: least mean square

curve fittings of MD results.

2.5 Diffusion coefficients of hydrocarbon molecules

In the previous section we verified our approaches to identify the effect of
molecular configurations on diffusion coefficients with heptane isomers. In this
section, we computed mutual diffusion coefficients of hydrocarbons in nitrogen
mixtures. Hydrocarbon classes considered in this study are linear alkanes,
cycloalkanes, and aromatic molecules, which typically constitute conventional
transportation fuels or fuel surrogates. For each mixture, the results of five
simulations were averaged in order to increase statistical accuracy of velocity

correlations.
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2.5.1 Linear alkanes

Linear alkanes are the most abundant constituents in conventional
hydrocarbon fuels and are typically employed as representative fuel components for
conventional combustion modeling. In this study, we selected sixteen linear alkanes
(from methane, CHs to hexadecane, CisH34) to identify the effect of the length of
linear molecules on diffusion coefficients.

MD results are presented in Figure 2.10. As the number of methyl groups
increases, the diffusion coefficients decrease and the equation 2.18 successfully
describes the temperature dependency of diffusion coefficients. Detailed results of

all linear alkanes are listed in Table A.4 in the Appendix A.
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Figure 2.10 Mutual diffusion coefficients of linear alkanes in nitrogen at 1 atm as a

function of temperature. The curves correspond to the least mean square curve

fittings of MD results.
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Figure 2.10 reveals that the difference in diffusion coefficients among mixtures
becomes larger as temperature increases. This trend implies that the difference in
diffusion coefficients of Figure 2.10 results from the coupling effect of mass,
molecular configuration, and temperature (T). Therefore, we removed the
temperature effect by dividing the computed diffusion coefficients by the factor of
T15because diffusion coefficients are proportional to T1>in an ideal gas. This result
was plotted in Figure 2.11 and the curves show that the difference is diffusion
values are very similar irrespective of temperature. Since the mass of a molecule is
independent of temperature, we conclude that the effect of molecular configurations

on diffusion coefficients is almost independent of temperature for target systems.
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Figure 2.11 Mutual diffusion coefficients of linear alkanes in nitrogen at 1 atm,

scaled with 1/T1>to remove the temperature effect.
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Another advantage of using MD simulations over gas kinetic theory to study
mass diffusion is the ability to determine the self diffusion coefficient of each
component in mixtures. Figure 2.12 reports the self-diffusion coefficients of normal
alkanes and nitrogens in each system. The results reveal that unlike nitrogen
(Figure 2.12 (b)), the diffusion coefficients of linear alkanes (Figure 2.12 (a)) show
significant variations among the studied systems.

Mutual diffusion coefficients are computed from the summation of two
velocity auto-correlation terms of each species and three velocity cross-correlation
terms (equation 2.5). Our results showed that the cross-correlation terms accounted
for negligible portions (less than 1%) of the diffusion values. Therefore, the mutual
diffusion coefficients depend on only self diffusion coefficients of two species and
their mole fractions (equation 2.19). Equation 2.19 also confirms that a species of
smaller mole fraction has a dominant effect on deciding diffusion coefficients. As a
result, the trends in self diffusion coefficients of linear alkanes (Figure 2.12 (a)) are

very similar to those of mutual diffusion coefficients (Figure 2.10).

D,=x,.. D, +X, D (2.19)

— “* nitrogen™ alkanes alkanes "~ nitrogen
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Figure 2.12 Self diffusion coefficients of (a) linear alkanes and (b) nitrogen in the

mixtures, at 1latm. The curves correspond to the least mean square curve fittings of

MD results.
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2.5.2 Cycloalkanes
Cyclohexanes with methyl branches have recently been employed as
important constituents of jet fuel surrogates.[83! In this study, we computed diffusion
coefficients for this cycloalkane group to address the effect of the length of methyl
branches on diffusion values. Table 2.4 lists the configurations of the cycloalkanes

considered in this study.

Table 2.4 Molecular configurations of studied cycloalkanes.

Molecules
Methylcyclohexane(C7H14) Ethylcyclohexane(CsH1s)
Propylcyclohexane(CoH1sg) Butylcyclohexane(C10Hz20)

Ol g

Pentylcyclohexane(C11Hz22) Hexylcyclohexane(Ci2H24)

(o g

Heptylcyclohexane(C13Hzs) Octylcyclohexane(C14Hz2s)
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Figure 2.13 reports mutual diffusion coefficients computed from MD
simulations and Figure 2.14 (a) shows the self diffusion coefficients of cycloalkanes,
which is dominant to those of nitrogen (Figure 2.14 (b)) in determining the values of
mutual diffusion coefficients. All the results of cycloalkanes are listed in Table A.5 in

the Appendix A.

0.7 .

CH. /N

7142

0.6

L ]
*
o
-4

> o »F =

0.5
0.4+

0.3+

D [cmzls]

0.2+

0.1

500 600 700 800 900 1000
Temperature [K]

Figure 2.13 Mutual diffusion coefficients of cycloalkanes in nitrogen as a function of

temperature, at 1 atm.
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Figure 2.14 Self diffusion coefficients of (a) cycloalkanes and (b) nitrogen in the

mixtures, at 1 atm. The curves correspond to the least square curve fittings of MD

results.
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The above cycloalkane series has similarity in variation of their
configurations to those of linear alkanes. To show this trend, we compared the
change of diffusion coefficients as additional methyl groups are added sequentially
both to linear alkanes and to cyclohexanes (Figure 2.15). This result shows that the
contributions of an additional methyl group to diffusion coefficients for both groups
are very similar. The shift in the two curves is related to the presence of the six-
member aliphatic ring in cycloalkanes. The constrained arrangement of the aliphatic
ring has much smaller deformation than linear alkanes. As a result, cycloalkanes

have smaller effective area and consequently, produce higher diffusion coefficients.
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Number of carbons
Figure 2.15 Mutual diffusion coefficients of normal alkanes (C7H1is ~ C14H30) and

cycloalkanes (C7H14 ~ C14Hz2g) in nitrogen, 1 atm. The curves correspond to the least

square curve fittings of MD results.
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2.5.3 Aromatic molecules
Aromatic hydrocarbons are usually regarded as important precursors for
soot formation.[84 851 Moreover, benzene and naphthalene are frequently employed
as representative aromatic compounds in jet fuel surrogate blends.[5] In this study,
we computed mutual diffusion coefficients for polycyclic aromatic hydrocarbons

(PAH) in nitrogen, from one-ring to four-ring aromatic molecules (Table 2.5).
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Table 2.5 Molecular configurations of studied PAHs.

structure Molecules
One-ring @
Benzene (CeHe)
Two-ring
Naphthalene (C10Hs)
e | COC 0
Anthracene (C14H10-a)  Phenanthrene (C14H10-b)
Pyrene (CisH10)
rourrng | (L LI g

Naphthacene (CisH12-a)

Yo S

Chrysene (C1gH12-c) Triphenylene (Ci1gH12-d)

Benz[a]Anthracene(CisH12-b)

<
9




The results show very similar trends to those of the other two hydrocarbon
groups reported in the previous sections. Aromatic molecules are the main cause of
the variations in the mutual diffusion coefficients. As the number of aromatic rings
increases, diffusion coefficients decrease. Figure 2.16 and 2.17 show mutual and self
diffusion coefficients of each species respectively. Results of all aromatic mixtures

are listed in Table A.6 in the Appendix A.
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Figure 2.16 Mutual diffusion coefficients of aromatic molecules in nitrogen as a

function of temperature, at 1 atm. The curves correspond to the least mean square

curve fittings of MD results.
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Figure 2.17 Self diffusion coefficients of (a) aromatic molecules and (b) nitrogen in

the mixtures, at 1 atm. The curves correspond to the least mean square curve

fittings of MD results.
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In order to differentiate between the effect of molecular configurations and
mass, we analyzed the mutual diffusion coefficients of two groups of isomers (see
Figure 2.18). Between three ring species, CisHio-a mixture has lower diffusion
coefficients than Ci4H10o-b mixture over the entire temperature range considered
with a difference around 5%.

Four ring aromatic molecules also show a very similar trend. Diffusion
coefficients decrease as aromatic rings are configured linearly. C1gH12-a mixture has
the smallest diffusion coefficients due to this configuration. Around 8% difference in
diffusion values was observed between CigHiz-a/N2 and CigHi2-d/N2. Although
C1gH12-b and CisH12-c mixtures show around 1% difference in their diffusion values,
this deviation is too small to confirm the effect of molecular configuration when we
consider the error range of our calculations. However, these two molecules
produced larger diffusion coefficients than that of C1gH1i2-a and smaller values than

that of C1gH12-d.
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Figure 2.18 Mutual diffusion coefficients of isomers of aromatic hydrocarbons in

nitrogen, at 1 atm (a) two ring aromatic molecules (b) four ring aromatic molecules.
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The diffusion coefficients of the above aromatic isomers can be characterized
by employing eccentricity (e) of molecules.[8¢] Eccentricity measures non-sphericity
of a molecule and zero value represents a perfect sphere. The values increase as
non-sphericity of molecules increase. In this study, we computed the eccentricity of

molecules from the moment of inertia tensor:

e=1—tmn _q_ Lo (2.20)
(]XX +[yy +Izz)/3

where Ixw, Iy, and I, denote the moment of inertia of principal axes and Inin
represents the minimum moment of inertia among the three main axes. Since
aromatic molecules have planar structures, eccentricity can express their molecular

configurations more effectively than radius of gyration used for heptane isomers.
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Figure 2.19 Mutual diffusion coefficients of aromatic isomers in nitrogen at 1000K, 1

atm versus their eccentricity of (a) two ring aromatics and (b) four ring aromatics.
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Figure 2.19 illustrates that the eccentricity of molecules can explain the
trends of diffusion coefficients of aromatic isomers. As the eccentricity increases, the
diffusion coefficients decrease. Moreover, from Figure 2.19 (b) we can confirm why
CigH12-b and CigH12-c have very similar diffusion coefficients. This result shows that
the assumption of spherical structures of gas kinetic theory is not appropriate
especially for molecules that have planar structures. Aromatic rings have the almost
same surface area irrespective of their arrangement and the deformations of their
configurations during the interactions with other species are very small when
compared with linear alkane molecules. Therefore, the isomers have very similar
collision diameters and consequently, employing spherical representation for these
molecules cannot express these structural characteristics effectively. Our results
show that molecules that have configurations closer to spheres produce higher

diffusion coefficients even though the collision diameters are very similar each other.

2.6 Comparison with gas Kinetic theory

The Chapman-Enskog equation (equation 2.1) is advantageous in computing
mutual diffusions coefficients due to its simplicity. However, the lack of potential
parameters (collision diameter, o, and energy well depth, €) for molecules
significantly limits its application. These potential parameters, especially for
polyatomic molecules, are rarely available. Therefore, in this study, we employed
correlations of corresponding state theory to obtain potential parameters, which
were introduced in previous sections. Equations 2.2 through 2.4 were used for these

calculations, with thermodynamic parameters obtained from the NIST chemistry
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web data base. We compared results from MD simulations with those from C-E
equation to show the effect of molecular configurations on diffusion coefficients.
This comparison will show the deviation in diffusion values originated from the

utilization of monatomic spherical potentials.

2.6.1 Thermodynamic properties and potential parameters
Unfortunately, not all thermodynamic data are available for the
hydrocarbons, considered in this study. Therefore we only listed the available
thermodynamic data and the computed potential parameters in Table A.7 through

A.9 in the Appendix A.

2.6.2 Linear alkanes
Based on the potential parameters in Tables A.7 to A.9, diffusion coefficients
were computed with the C-E equation. Figure 2.20 and Table A.10 in the Appendix A

report mutual diffusion coefficients of linear alkanes as a function of temperature.
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Figure 2.20 Mutual diffusion coefficients of linear alkanes in nitrogen as a function

of temperature, at 1 atm obtained from the C-E equation.

As shown in Figure 2.20, the C-E equation produced very similar trends of
diffusion coefficients compared with MD simulations (see Figure 2.10). For a more
distinctive comparison, diffusion coefficients of four mixtures were plotted in Figure

2.21.
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Figure 2.21 Comparison of mutual diffusion coefficients of (a) C2Hs/N2, (b) CéH14/N2,

(c) C12H26/N2, and (d) C16H34/N2, at 1 atm (MD: Molecular dynamics simulations, C-E:

the Chapman-Enskog equation).

For the C2Hg/N2 mixture, the results from MD simulations and those from C-E

equation match well. Slight deviations can be found in high temperature region, but

the overall values show a good agreement. However, the results of the CisH34/N>

mixture show totally different trends and exhibit large differences in diffusion

values over the entire temperature region. The average deviation between the two
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approaches is around 17% of diffusion values and MD simulations produced smaller
diffusion coefficients than C-E equation. This result implies that the C-E equation
can produce similar diffusion coefficients to those of MD simulations, when target
molecules can be regarded as a sphere such as, CH4 and C2Hs. In other words, using
single body interaction potentials is not appropriate for molecules that have non-

spherical structures.

2.6.3 Cycloalkanes
The cycloalkane group considered in this study also shows similar trends of
diffusion coefficients to those of alkane group. As the number of methyl groups
increases, the diffusion coefficients decrease. Figure 2.22 and Table A.11 in the

Appendix A show this trend clearly.

T T T T T " T i T ) '
074 =+CHN, --CH /N, 4
1~ Cest”Nz ke C10H20IN2
0.6+ _D_Cﬂsz'{Nz - -OucwszJNz 2
] A
== C H N, --#-- C H N, %
0.5 .
N 2
€ 0.4- ) .
A ]
()]
0.3 -
0.2 e
0.1

500 600 700 800 900 1000
Temperature [K]

Figure 2.22 Mutual diffusion coefficients of cycloalkanes in nitrogen as a function of

temperature, at 1 atm obtained from the C-E equation.
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Figure 2.23 Comparison of mutual diffusion coefficients of (a) C7H1s/N2 and (b)
C14H28/N2, at 1 atm (MD: Molecular dynamics simulations, C-E: Chapman-Enskog

equation).

The C7H14/N2 mixture shows a 4% deviation between the two approaches
and the C14H28/N2 mixture reveals a much larger deviation, around 16% (see Figure
2.23). As in linear alkanes, the C-E equation presented larger diffusion coefficients
than MD simulations, likely due to the use of monatomic spherical potentials for

cycloalkanes.

2.6.4 Aromatic molecules
Figure 2.24 and Table A.12 in the Appendix A show mutual diffusion
coefficients of aromatic molecules in nitrogen computed from C-E equation. The

trends of diffusion coefficients are very similar to those of MD simulations.
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Figure 2.24 Mutual diffusion coefficients of aromatic molecules in nitrogen as a

function of temperature at 1 atm obtained from the C-E equation.
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Figure 2.25 Comparison of mutual diffusion coefficients of (a) CsHe/N2 and (b)

CigH12-a/N2, at 1 atm (MD: Molecular dynamics, C-E: Chapman-Enskog equation).
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The comparison with MD simulations (Figure 2.25) shows that, in the
CeHe/N2 mixture, MD and C-E results are perfectly matched. However, the CigH1z-
a/N2 mixture exhibits approximately a 10% difference in diffusion coefficients. Even
in this case, the C-E equation also produced higher diffusion coefficients than MD

simulations over entire temperature ranges.

2.7 The effect of molecular configurations

The comparison between MD simulations and the C-E equation showed that
single-body spherical potentials produced higher diffusion coefficients than all-atom
potentials. Although, this analysis revealed the difference in diffusion values, the
effect of molecular configuration on diffusion coefficients cannot be determined
from those simple comparisons. We need to employ a geometric factor that can
represent molecular structures at equilibrium state of MD simulations. Moreover,
this factor has to be comparable to a collision diameter because the latter also is
related to the molecular structure in gas kinetic theory. For this purpose, we
computed radius of gyration (Rg) of each molecule with MD simulations. Since the
computed Rg expresses equilibrium configurations obtained by averaging all
possible conformations, it can represent the structural characteristics of all-atom
description of MD simulations. The Rg can represent molecular configurations
effectively because it reproduces the moment of inertia of the all atom molecules. As
we confirmed in the result of heptane isomers (see Figure 2.8), Rg can be related to
a collision diameter and be used as a geometric factor that explains the trends of

diffusion values.
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Before the use of Rg for the analysis, the temperature dependence of Rg
should be noted. We computed Rg of the studied molecules in the temperature
range of 500 - 1000K but the values did not vary significantly. Therefore, in the
following, we are going to use the average value in the above temperature range,
hence neglect the small temperature effect.

In gas kinetic theory, the changes of collision diameters (o) and energy well
depths (€) cause the variations in diffusion coefficients at fixed temperature and
pressure condition. However, since the square inverse of o is proportional to
diffusion coefficients, 0 has a dominant effect on determining diffusion values over
energy well depths. As shown in Table 2.6, 10% perturbation of ¢ causes around
11.3% deviation from the original diffusion values. On the other hand, the same
amount of perturbation of € produces only 1.5% deviation. As a result, in order to
simplify the comparison we assumed that the contribution of energy well depths (¢)

to diffusion values is negligible, and o causes all the variations in diffusion values.

Table 2.6 The contributions of collision diameter and energy well depth to diffusion

coefficients of n-C7H1¢/N2 mixture when 10% perturbation of o and € are exerted.

D1z [cm?/s]

Temperature [K] | No perturbation | perturbed o | Perturbed ¢
500 0.185 0.164 0.182
1000 0.630 0.559 0.623
Deviation [%] 0 11.3 1.5
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2.7.1 Linear alkanes

As shown in Figure 2.26, collision diameters of linear alkanes (Table A.7 in
the Appendix A) used for the C-E equation were plotted with respect to their
average radius of gyrations (Table A.13 in the Appendix A). If the collision diameters
(ocg) are linearly related to the radius of gyrations (Rg), the assumption of spherical
molecules in gas kinetic theory can represent polyatomic molecules successfully.
However, Figure 2.26 illustrates that the second order fitting shows better matching
with Rg. This second order fitting represents the deviation from sphericity of a

molecule.

2nd order fit P
- --- 1st order fit - 1
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Figure 2.26 Collision diameters (oc-g) of linear alkanes obtained from the C-E results

and relations with average radius of gyrations (Rg).
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To compare with the MD results, we obtained new collision diameters (omp)
from the diffusion coefficients of MD simulations. Based on the discussion in the
previous section, we obtained omp by inserting the € values of Table A.7 in the
Appendix A into the C-E equation. These omp represent new collision diameters that
should be used to reproduce the diffusion coefficients of all-atom MD simulations
with the same energy well depths employed for the C-E equation. In this way, we
can address the effect of molecular configurations on diffusion coefficients by using
single geometric parameters. The omp of linear alkanes are listed in the Table A.14 in
the Appendix A and Figure 2.27 represents the first and second order fitting results
of omp versus Rg. Although, we can still observe a little difference between the first
and second order fitting, the deviation is much smaller when compared with the C-E
results in Figure 2.26. This small discrepancy results from the temperature
dependence of the radius of gyration and the effect of energy well depths that we
neglected in our analysis. The smaller deviations in Figure 2.27 reveal that MD
simulations can take into account molecular structures more effectively in diffusion

calculations.
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Figure 2.27 New collision diameters (omp) of linear alkanes obtained from MD

results and relations with average radius of gyrations (Rg).
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Figure 2.28 Comparison of collision diameters of linear alkanes obtained from MD
and C-E results. Solid and dashed lines represent second-order fitting of omp and oc-g

respectively.
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Figure 2.28 shows comparison between owp and ock. The plot clearly
demonstrates that the C-E equation presents larger deviation as the number of
methyl groups increases. This trend implies that the C-E equation cannot produce
reliable diffusion coefficients for polyatomic molecules.

The relation between omp and oc.g of linear alkanes can be obtained by
combining the two second order fitting expressions. In equation 2.21, the two
collision diameters are related with only Rg. This relation suggests a simple way

that can implement the effect of molecular configurations into the gas kinetic theory.

_ 3.1115+1.4412Rg —0.0465Rg> -
3.1271+1.3203Rg —0.0786Rg* “*

(2.21)

Oup

2.7.2 Cycloalkanes
The same comparison was conducted for cycloalkane group and the results
were plotted in Figure 2.29. The owmp of cycloalkanes are listed in Table A.15 in the
Appendix A. As in the results of linear alkanes, the C-E equation shows larger
deviation as the number of methyl groups increases. The fitting results show that
MD simulations can take into account the effect of molecular configurations

successfully when compared with the C-E equation.
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Figure 2.29 Comparison of collision diameters of cycloalkanes obtained from MD
and C-E results. Solid and dashed lines represent second-order fitting of omp and oc.g

respectively.

The relation between omp and oc-k of cycloalkanes is suggested in equation
2.22 and the Rg values are also listed in the Appendix A (Table A.16). New collision
diameters that include the effect of molecular structures can be obtained the

following relation.

_ 3.7153+1.4779Rg —0.0811Rg”
3.0126+1.8859Rg —0.2042Rg”

Oy (2.22)

O-MD
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2.7.3 Aromatic molecules
We compared four mixtures (CsHe/N2, C10Hg/N2, C14aH10-a/N2, and CigH12-a)
to identify the effect of the number of rings in linearly configured aromatic
molecules. Figure 2.30 shows that the deviations between the two approaches

increase as the number of ring increases.

8.0 1
7.5+

7.0

6.0 1
5.5+

5.0

1.5 2.0 25 3.0 3.5 4.0
Rg [A]
Figure 2.30 Comparison of collision diameters of linearly configured aromatic

molecules obtained from MD and C-E results. Solid and dashed lines represent

second-order fitting of omp and oc. respectively.

The relation between omp and ock of linearly configured aromatic molecules

is presented in equation 2.23. As in the other hydrocarbon groups, Rg expresses the
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trends of collision diameters successfully. The omp and Rg values of all aromatic

molecules considered studied are listed in the Appendix A (Table A.17 and A.18).

 1.8895+2.4283Rg —0.2037Rg*

Oy = o 2.23
M 29125+1.5972Rg —0.0963Rg* ¢ (223)

-E

Figure 2.31 illustrates the results of four ring aromatic isomers. In this group,
we only plotted the omp versus Rg. The results of the C-E equation are only available
for CigsHiz2-a due to the lack of experimental thermodynamic properties for other
isomers.

As we mentioned in section 2.5, eccentricity (e) can explain the trends of
diffusions among isomers more effectively than radius of gyrations (Rg) due to their
planar structures. However, we used Rg for these isomers to assign a single
geometric factor for all hydrocarbon groups considered in this study. Moreover,
even though, CigH12-b and CigH1z2-c deviate from the fitting result, the difference in
diffusion coefficients between the two species is very small (see Figure 2.19).
Therefore, we concluded that the deviations of those two molecules exert very small

effect on providing reasonable relations between Rg and owmp.
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Figure 2.31 Comparison of collision diameters of four ring aromatic molecules

obtained from MD results. Solid represent second-order fitting of owmp.

The relation between omp and oc-k of four ring aromatic isomers is presented

in equation 2.24. For this expression, we employed the value of CigHiz2-a as ock

because it is the only available data for the C-E equation.

Oup

2.8 Conclusions

_10.2023-2.3456 Rg + 0.4810Rg* o

7.3871 -k (2.24)

In this chapter, we computed mutual diffusion coefficients of three

hydrocarbon groups in nitrogen carrier gas by using both the Chapman-Enskog (C-E)

equation and Molecular Dynamics (MD) simulations. After qualitative comparison
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between the two approaches, we identified the effect of molecular configurations on
diffusion coefficients by employing radius of gyrations (Rg). Our results showed that
Rg could reproduce the trends of diffusion coefficients successfully and also could
be used as a geometric factor that expresses molecular configurations effectively.
We related Rg to the collision diameters obtained both from MD simulations (owmp)
and from the C-E equation (oc-g). In this process, we observed that omp produced
much smaller deviations from the first order fitting with Rg. As a result, we
concluded that MD simulations could take into account molecular configurations
more effectively in diffusion calculations. The relations between omp and oc.k are
also presented for each hydrocarbon groups to implement the effect of molecular

configuration into the C-E equation.
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Chapter 3

The equivalent single body potentials of polyatomic molecules

3.1 The effect of potentials on diffusion

In the previous chapter, we observed that molecular configurations exerted
influence on the diffusion coefficients and all-atom MD simulations are more
effective than gas kinetic theory in incorporating the effect of molecular structures
into diffusion calculations. These results also showed that all-atom potentials
produced smaller diffusion coefficients for all hydrocarbon classes compared with
monatomic spherical potentials. This discrepancy between the two approaches was
more distinctive for molecules that have higher mass and larger number of atoms.
However these differences are the consequences of a more detailed description of
molecular configurations and the employment of different potentials. In order to
evaluate the relative importance of these two contributions, we removed the effect
of the structures by reducing the all-atom multi body molecular potentials to

equivalent single body potentials. For this purpose in this chapter, we computed
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new Lennard-Jones (L-]) 12-6 potential parameters for the three hydrocarbon
groups that we studied in chapter 2 by using MD simulations and OPLS AA force
field. The new single body potential parameters were compared with the single
body potential parameters (Tables A.7 to A.9 in the Appendix A) used for the C-E

equation in the previous chapter.

3.2 Thermodynamic properties from MD simulations

Besides experimental measurements, the correlation of corresponding state
is the most widely used to estimate L-] potential parameters (o and €) for gas kinetic
theory.[*8] Since this approach requires only critical temperature (T¢) and pressure
(Pc), and normal boiling temperature (T5) of each species, the first step to obtain
new potential parameters by using MD simulations should be the computation of
the above thermodynamic properties.

To obtain the T¢, P, and T, from MD simulations, we computed the chemical
potential at a given temperature and for different densities. This allowed us to
compute liquid - vapor coexistence curves, the saturated pressures and liquid and
vapor densities. From these liquid and vapor density values, we estimated the three
thermodynamic properties (T, Pc, and T5).[87. 88l

Several approaches have been developed for the calculations of coexistence
curves such as the Gibbs Ensemble Monte Carlo (GEMC) techniquel8®, NPT test
particle method[®0]l, and NVT test particle method.[°Y] The GEMC technique has been
widely used because the approach does not require many simulations for different

system sizes nor free energy calculations.[92-941 However, volume fluctuations limit
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stable simulations at high temperature region and the NPT test particle method also
has the same problem.[%5] On the other hand, volumes are fixed during simulations
in the NVT test particle method so that this approach can perform stable simulations
in the temperature region close to the critical point. Therefore, we used this method
in this study.

In brief, we determined the coexistence curves and equilibrium vapor
pressure by computing chemical potentials for liquid and vapor states separately at
a constant temperature and volume condition. The pressure at the intersection of
liquid and vapor curves in the pressure versus chemical potential plane is the
equilibrium liquid - vapor pressure at a given temperature.[®l] Pressures however,
can be determined in a straightforward way from MD simulations. On the other

hand, computing the chemical potentials requires a more complex approach.

3.2.1 Chemical potentials
The difficulty in computing chemical potential lies in measuring free energy.
Chemical potential of a constant volume (V) and constant temperature (T) system is

defined as:

=92 3.1
M=oy (3.1)

\Ny,r

where A denotes the Helmholtz free energy of the system and N is the number of

molecules. Since the free energy is related to the canonical partition function itself
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rather than being an ensemble average of the partition function,[74l different
approaches are developed to circumvent this issue. A class of methods is based on
the coupling parameter approach.[°¢] In these techniques, the coupling parameters
are variables implemented into potentials to describe the continuous change of a
system from the initial state to the final state.[?¢! In other words, the Hamiltonian of

this transition can be written as:

H(A)=AH,+(1-)H, 0<i<1 (3.2)

where A is the coupling parameter and Hi and Ho denote Hamiltonians at state A=1
and A=0 respectively.

Even though partition functions cannot be directly evaluated in a simulation,
their derivatives with respect to coupling parameters can be evaluated as an

ensemble averagel741:

oU() N
da ) -[78/1 exp[-BU(A)]dr ) <8U(l)> (33)
divvr  [exp[-puD]dar" \ o1 [, '

where U is the potential energy of the system, expressed as a function of the
coupling parameter. The kinetic energy of the system does not need to be
considered because the kinetic energy is a quadratic function of momentum and its
contribution to microcanonical partition function is analytical.[°7l Hence, we can

simply integrate out this term from the total partition function.
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The difference in free energy between two states and resulting chemical
potential are obtained by evaluating the following integrations (equations 3.4 and

3.5) with the slow growth method.[%8]

A =1)— A(A=0)= jj:<%> di (3.4)

oA 1 poa v
=N, T v o\ Tz

> da (3.5)
2

These integrations are related to a nonphysical path and the coupling parameters
connecting the fully coupled (A =0) and fully uncoupled (1 =1) states. The system
has to change very slowly from fully coupled state to fully uncoupled state so that
the system remains equilibrated during the process. In order to obtain this gradual
change, discrete coupling parameters between 0 and 1 are chosen. The integration
over these parameters leads to the change of free energy.[® 1901 The number and
distribution of coupling values between 0 and 1 are related to the overlap of the
probability distributions of potential energy between the reference state and the
target state. Therefore, several intermediate states should be constructed so that the
overlap of the probability distributions of two consecutive states becomes sufficient

for direct evaluations.[97]
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3.2.2 Simulation method

The change of chemical potential was calculated from the potential energy

oU(N)
o

changes, , of a system through removal of a molecule at a random position of

the system. For thermodynamic integration, we employed total eleven discrete
coupling parameters (A= 0.0, 0.1, ---, 0.9, 1.0). At A=0, a molecule fully interacts with
surrounding molecules and the molecule is fully uncoupled with a system at A=1.
The potential energy interaction at each coupling value was computed with
linear interpolation between state 0 and 1. However, this approach causes
singularity problem when a molecule disappears (A = 1) and in order to circumvent

this issue, soft core potential was used.[101]

U, (r)=Q-)U"" (1) + AU (17) (3.6)
r,=(aci A" +r° )% (3.7)
r=(ac_ (1-2)" +r° )% (3.8)

where U*~° and "' denote normal potentials at state A=0 and A=1 respectively, a
is the parameter for soft core scaling and p is the soft core power, o is the radius of

interactions and r is the distance between atoms.

In general, the value of % has a weak dependency on the choice of the

soft core scaling factor for A = 1. However, the deviation at that point contributes
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only small portion to final result when the derivatives of potential energies are
integrated over all A values. Therefore, we can neglect the effect of the parameters.

To test the convergence of simulations, we compared the results obtained
with simulations of different length for a box containing 300 octanes (n-CgHi1s). The
differences in free energy for 2, 3, and 4 ns runs were less than 2%. Therefore, we
chose 2ns simulation time for our calculations. Moreover, every system was pre-
equilibrated for 2ns before the actual simulations. All other conditions for
simulations are the same as those for diffusion calculations.

Figure 3.1 shows an example of free energy calculation of an octane system
at 540K and 42.7 kg/m3 density. The integration of these discrete potential energies
yields 1.756 K]J/mol for the free energy difference between the initial and the final
states. Subsequently, this value becomes the difference of chemical potential at a

given temperature and density.
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Figure 3.1 The change of potential energy of n-CgHis as a function of coupling

parameters at 540K and 42.7 kg/m3 density.

The errors on Figure 3.1 were estimated by using block averaging method[102]
and an example of the error analysis for A=0.5 was plotted in Figure 3.2. The dashed
line is the estimated error obtained by assuming all the blocks are independent. The

solid line is the fitted results by using the following exponential function:[103]

£(t)= 2;2 [arl {1+%(ef/fl —1)}+(1—a)12 {1+%(ef/fz —1)}} (3.9)

where o, o, 7, and 7, are fitting constants and T is total simulation time.
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Figure 3.2 Estimated error by using block averaging analysis for A=0.5 of Figure 3.1.

The above graph demonstrates that the error value is well converged. The estimated

errors for all A values are listed in Table B.1 in the Appendix B.

3.2.3 Equilibrium vapor pressure and densities

Figure 3.3 illustrates the computed chemical potentials and pressures of
liquid and vapor octane systems at 540K. Simulations were performed at several
different volumes for both liquid and vapor branches to obtain relations between
chemical potential and pressure at a fixed temperature. The solid squares denote
liquid state and the hollowed circles represent vapor state. The intersection of the
two lines provides equilibrium vapor pressure (Psq«) at a given temperature. Once
the Psq¢ is obtained, the liquid density (pii;) and vapor density (pvap) can be computed

from liquid and vapor branches in Figure 3.3 respectively. However, the estimation
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of critical properties and normal boiling temperature requires the pjiq and pvap at Psae
obtained at two different temperatures. To reduce the statistical error, we repeated
the same procedure for three different temperatures and we averaged the results

obtained for all the pairwise combinations.

6 T .
= Liquid
5] ° Vapor

T T T T T T T

Chemical potential [KJ/mol]

O T T T T T T T T T
8 16 24 32 40

Pressure [bar]

Figure 3.3 Chemical potential and pressure of octane (n-CgH1g) computed from MD

simulations at 540K.

In Table 3.1, we list Psat, piig, and pvap values both from MD simulations and
from experimental measurement for comparison. Experimental data were obtained

from NIST chemistry database.
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Table 3.1 Comparison of equilibrium vapor pressures (Psa), liquid densities (piiq)
and vapor densities (pvap) of linear alkanes at Psa: and different temperatures. Dv

denotes the average percentile deviations from experimental values.

MD EXP

Temp Psat Plig Pvap Psat Pliq Pvap
[K] | [bar] |[kg/m3]|[kg/m3] | f[bar] | [kg/m3] | [kg/m3]

C2He 290 33.4 226.5 52.3 35.2 351.7 77.4

280 27.1 237.2 42.2 28.1 383.2 56.6

270 21.4 245.8 33.9 22.1 407.8 42.3

Dv [%] 3.9 358 | 25.9

C4Hio | 400 22.4 263.1 45.9 24.9 408.5 73.1

390 19.2 273.5 40.2 20.9 433.2 57.5

380 15.9 281.5 34.1 17.4 454.2 45.8

Dv [%] 8.9 36.8 | 30.9

CeH14a | 470 15.5 301.1 37.2 17.2 444.4 59.3

460 13.1 311.6 32.4 14.6 463.8 48.2

450 11.0 320.8 27.9 12.3 481.1 39.4

Dv [%] 9.7 32.8 | 33.1

CsHis | 550 17.6 286.8 55.6 19.1 389.7 92.2

540 15.5 309.6 48.4 16.5 419.6 72.6

530 13.0 327.5 42.1 14.3 443.2 58.7

Dv [%)] 8.5 264 | 32.8

The results show that OPLS AA parameters underestimate equilibrium

pressures and densities. The average percentile deviation (Dv) of equilibrium
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pressure from experimental results is 3.9% for ethane (C2Hs) and around 9% for
other normal alkanes, while MD simulations underestimate the densities around 30%
of all species. These results demonstrate the characteristics of OPLS AA potentials at
a temperature which differs substantially from the temperature used in the force
field derivation. This force field was optimized at normal boiling temperature and
liquid density was not tested at high temperature in their derivation process.[63]
Based on the above results, we expect that all equilibrium pressures and densities
obtained in this study are lower than measured values. We listed computed Psq, piig,
and pyep of all hydrocarbon groups considered in this study in the Appendix B

(Tables B.2 to B.4)

3.2.4 Computed thermodynamic properties
With the computed piiq and pvap (Tables B.2 to B.4), critical temperature can

be estimated by using the following scaling law:[104]

1
E(pliq _pVap): A(T; _T)ﬂ (310)

where piji; and pvep denote liquid and vapor densities at Pg: respectively, T is
temperature where pji; and pvep are computed, and £ is estimated as 0.325[105,106],
Fitting parameter, A, and critical temperature, T¢, are obtained at the same time by

inserting piiq and pvap of two different temperatures (7) into equation 3.10.
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Critical pressure, P, and normal boiling temperature, Tp, can be estimated by

using the following Clausius-Clapeyron equation:
B
P=exp(;+€) (3.11)

where B and C are fitting parameters, which can be estimated by inserting the Psq:
and its corresponding temperature (7) into the equation 3.11. After these fitting
parameters are determined, we can obtain the P by substituting T of the equation
3.11 with T¢ and can also compute T) by substituting P with 1 atm.

In Tables B.5 to B.7 in the Appendix B, we list both the computed critical
properties and normal boiling temperatures and relevant experimental data for all
the hydrocarbons. The comparison reveals that critical properties and boiling
temperatures are in agreement with experimental data within a 7% deviation.
These deviations are significantly small when compared with those of the densities.
The reason for these results is that liquid-vapor coexistence curves are shifted
toward lower density region without significant changes in shapes. As a result,
critical properties and boiling temperatures have smaller deviation from

experimental results even though the densities are less accurately reproduced.

3.3 Equivalent single body potentials of all atom potentials

Once the thermodynamic properties (Tc, Pc, and Tp) were obtained, L-] 12-6

potential parameters can be computed by using the correlations of corresponding
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state (equations 2.2 to 2.4). The computed parameters for all the hydrocarbons are

listed in the Appendix B (Tables B.8 to Table 10).

3.4 Comparison with the C-E equation and MD simulations

Based on the equivalent potentials obtained in the previous section, we
computed diffusion coefficients of all the hydrocarbons by using the C-E equation.
The computed diffusion values were compared with both those of MD simulations
(Tables A.4 to A.6 in the Appendix A) and those of the C-E equation that used
potential parameters obtained from experimental data (Tables A.10 to A.12 in the
appendix) to show the difference in diffusion coefficients among those three
approaches. As done in the previous chapter, we also related collision diameters (o)
to radius of gyration (Rg) and compared the results with those reported in the
chapter 2. These comparisons will reveal the relative contributions of the molecular

configuration and the employment of different potentials to diffusion coefficients.

3.4.1 Linear alkanes
Figure 3.4 illustrates the comparison of mutual diffusion coefficients of linear
alkanes mixtures obtained with three different approaches: MD simulations (MD),
the C-E equation with potential parameters obtained from experimental data (C-
Eexp), and the C-E equation with equivalent single body potential parameters

obtained from MD simulations in this chapter (C-Egquiv).
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As shown in Figure 3.4, the C-Egquiv produced very similar diffusion values to
those of the C-Egxp and has large deviation from MD results especially for long-chain
linear alkanes. It follows that the single body equivalent potentials cannot take into
account molecular configurations in diffusion calculations even though these
potentials are derived by using an all-atom potential. Moreover, this similarity
between C-Egxp and C-Egquiv proves that the deviations between MD simulations and
the C-Egxp, also analyzed in chapter 2, are caused by primarily the difference in

molecular configurations rather than the employment of different potentials.
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Figure 3.4 Comparison of mutual diffusion coefficients of (a) C2Hs/N2, (b) CéH14/Np,
(c) Ci2H26/N2, and (d) CisH34/N2, at 1 atm (MD: Molecular dynamics, C-Egxp: C-E
equation with experiment data, and C-Egquiv: C-E equation with equivalent single

body potentials).

To investigate how much information on molecular configurations was
retained with this procedure, we computed collision diameters from the diffusion

coefficients of C-Egquiv (Orquiv) and compared with oce and omp. As done in the
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previous chapter, orquiv were computed by inserting the energy well depths (€) of
Table A.7 in the Appendix A into the C-E equation (equation 2.1). Therefore, ogquiv
represents collision diameters that should be used to reproduce the diffusion
coefficients of the C-Egquiv with the same energy well depths employed for the C-Egxp.

Figure 3.5 illustrates that the ogquiv produces much larger deviation from the
linear relation with Rg when compared with that of MD. Moreover, the trends of the
OEquiv are very similar to those of oc.g and the deviations from owmp increase as the
number of methyl groups increases. This result also confirms that the equivalent
single body potentials and the correlations of corresponding state approaches

cannot yield reliable diffusion coefficients for polyatomic molecules.

10 T T T T T T T T T T
8- i
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Figure 3.5 Comparison of collision diameters of linear alkanes obtained from MD, C-
Eexp, and C-Egquiv results. Curves represent second-order fitting of omp, ock, and

OEquiv Fespectively.
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3.4.2 Cycloalkanes
As before, the trends of diffusion obtained from C-Egquiv are very similar to
those of the C-Eexp and Figure 3.6 illustrates these results clearly. As the non-
sphericity of molecules increases (C14Hz2s), the deviation between MD and C-Egquiv
increases. The similarity between C-Egxp and C-Egquiv is more evident as the shapes
of molecules deviate from sphere structures. Again, these trends indicate the
limitations of single body spherical potentials in computing diffusion coefficients of

polyatomic molecules.
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Figure 3.6 Comparison of mutual diffusion coefficients of (a) C7H14/N2 and (b)
C14H28/N2, at 1atm (MD: Molecular dynamics, C-Egxp: C-E equation with experiment

data, and C-Egquiv: C-E equation with equivalent single body potentials).

As shown in Figure 3.7, the collision diameters of C-Egquiv are also very

similar to those of C-Egxp. From the large deviation between MD and C-Egquiv, we can
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conclude that all-atom MD simulations are the most effective approach among those

three methods to compute diffusion coefficients of polyatomic molecules.
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Figure 3.7 Comparison of collision diameters of cycloalkanes obtained from MD, C-
Eexp, and C-Egquiv results. Curves represent second-order fitting of omp, ock, and

OEquiv respectively.

3.4.3 Aromatic molecules
Aromatic molecules also show similar results to those of the other two
hydrocarbon groups. Figure 3.8 illustrates mutual diffusion coefficients of four
aromatic molecules that have linearly configured structures. For CsHs/N2 mixture,
all of the approaches produced very similar diffusion coefficients. However, for
CigH12-a/N2 mixture, C-Egquiv sShows large deviation from MD. This result is evidence
that single body spherical potentials are not appropriate in the diffusion

calculations of linearly configured multi-ring aromatic molecules.
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Figure 3.8 Comparison of mutual diffusion coefficients of (a) CeHe¢/N2 and (b)
CigsHiz2-a/Nz, at latm (MD: Molecular dynamics, C-Egxp: C-E equation with

experiment data, and C-Egquiv: C-E equation with equivalent single body potentials).

We can observe the limitation of this approach more clearly from the relation
between the radius of gyrations and the collision diameters of C-Egquiv. The
deviations between MD and the both C-E results increase as the number of aromatic
rings increase (Figure 3.9). This effect is likely the sum of both the single body
approximation and the employment of the force field far from its intended
temperature range.

For isomers, we did not find any noticeable difference in collision diameters
because the thermodynamic properties are very similar. In our simulations, the
simple change in the arrangement of aromatic rings does not affect the potentials
obtained from the correlations of corresponding state, showing another important
limitation of this approach.
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Figure 3.9 Comparison of collision diameters of aromatic molecules obtained from

MD, C-Egxp, and C-Egquiv results. Curves represent second-order fitting of owmp, oc,

and ogquiv respectively.

3.5 Conclusions

In this chapter, we obtained equivalent single body potentials for all the
studied hydrocarbons by reducing the multi body potentials. Free energy
calculations were conducted to identify the coexistence curves and the correlations
of corresponding state were used to obtain these equivalent L-] potential
parameters.

Diffusion coefficients computed with these equivalent potentials were very
similar to those from experimentally derived potentials and showed large

deviations from MD results. Based on this result, we conclude that the molecular
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configurations have a dominant effect on determining the deviations between MD
simulations and the C-E equation. The comparison of collision diameters also
revealed that single body spherical potentials cannot take into account molecular
configurations in diffusion calculations and cannot distinguish between isomers.

Therefore, among the three approaches that we compared, molecular dynamics
simulations with all-atom potentials provide the most effective way to compute
diffusion of various hydrocarbons studied in this work and the correlations of
corresponding state did not yield reliable diffusion coefficients for polyatomic

molecules.
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Chapter 4

Breakdown mechanisms of Decalin

4.1 Decalin

Decahydronaphthalene, also known as decalin (C10H1s), is a bi-cyclic organic
compound of the naphthene class (Figure 4.1) and is the saturated analogue of
naphthalene. Decalin can occur in cis- and trans- conformations and the latter is

energetically more stable due to reduced steric interactions.[107. 108]

H

Figure 4.1 Trans-Decalin
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Decalin has been shown to be one of the most thermally stable and
endothermic fuel components of advanced jet fuels.[109 110] [n addition, it has shown
favorable combustion characteristics in both gas turbines and diesel engines.[111,112]
Moreover, decalin can decompose without forming deposits so that it can be used at
high temperatures.[113] This is one of the critical characteristics required for an
advanced jet fuel.[114.115] Decalin is also attractive as a potential hydrogen donor to
suppress pyrolytic deposits.[116.117] By donating hydrogen atoms to radicals, which
are formed during the thermal decomposition process, decalin helps to prevent the
formation of various thermal deposits.

For these reasons, decalin has been employed as a reference component of multi-

[5, 118, 119

ring naphthene classes for JP-8 surrogates. ! Surrogates with 35 % by volume of

decalin showed good agreement with experimental results on the sooting tendency of

[120

pool fire.'"*) Agosta et. al. have included 6 % by volume of decalin in their surrogate to

match the auto-ignition behavior of hydrocarbon fuels.!''®

Despite of the importance of decalin for combustion research, the
fundamental reaction mechanisms of decalin have not been identified yet. Prompted
by this need, the analysis of the breakdown mechanisms of decalin was performed
by using Density Functional Theory (DFT) method. All transition states and
intermediate states were identified, along with possible reaction pathways. Reaction
rates were also computed for these reaction pathways. Finally, the identified

pathways were implemented in a kinetic mechanism analysis code to simulate the

pyrolysis environment.
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4.2 Computational method

4.2.1 Electronic structure calculations

We explored potential energy surface of each reaction pathway by using a
hybrid non local density functional theory (B3LYP), namely, Becke’s three-
parameter non local exchangel!21 122] with the non local correlation function of Lee,
Yang and Parr.[123] This level of theory has been found to be sufficiently accurate for
predicting the transition state properties for hydrogen abstraction reactions by
radicals.[124 1251 Therefore, the theory has been widely used to study hydrogen
abstraction reactions from hydrocarbons.[126-128] The geometry and frequency
calculations for all of the species were carried out using the 6-31G(d,p) basis set.
Transition States (TS) were identified by the existence of only a singular imaginary
frequency. The frequency calculations also allowed the zero-point energy (ZPE)
corrections to be obtained. Intrinsic Reaction Coordinate (IRC) calculations were
carried out to verify that each transition state connected the corresponding
reactants and products of a given reaction. All computations were carried out by

using the GAUSSIAN 03 package.[129]

4.2.2 Reaction rates
The Rice-Ramsperger-Kassel-Marcus (RRKM) theory and the canonical
Transition State Theory (TST) methods were used to derive high pressure limit rate

constants for unimolecular and bimolecular reactions, respectively.[130-132] To
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consider nonlinear Arrhenius effects, two parameter Arrhenius pre-exponential
factors, 4 and n, were incorporated in the form of A7% Calculated rate constants for
each reaction as a function of temperature were fitted into the modified Arrhenius

form as:

k(T)=AT" exp(—E, / RT) (4.1)

Each rate constant was calculated by using the code TheRate (THEoretical
RATESs), from the web-based Computational Science and Engineering Online (CSE-
Online) environment.[133] Transmission coefficients, which account for the quantum
mechanical tunneling effect, were calculated by using the Eckart method.[134] The

thermal rate coefficient is expressed as:

Ayt

_ kT Q'(T) or
K(T)=x(T)o =2 N (4.2)

where « is the transmission coefficient, ¢ is the reaction symmetry number, Q'(7")
and ®”(7) are the total partition functions per unit volume of the transition state

and reactant, respectively, A V' is the classical barrier height, 7'is the temperature,

and &, and A are the Boltzmann and Planck constant, respectively.
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4.3 Reaction pathways

Experimental results, previously reported for decalin pyrolysis at high
temperatures, have shown that the most probable initiation reactions of thermal
cracking are carbon-carbon (Co - C10) bond cleavage (Figure 4.2 (a)) reaction and
hydrogen abstraction (from Ci, C2 and Co) reactions (Figure 4.2 (b)).[135-137] Billaud
et. al. reported experimental results on the thermal cracking of decalin in a steam
pyrolysis environment.[138] However, detailed reaction pathways and their reaction
rate constants to build kinetic mechanisms are not yet available. Drawing on these
experimental observations, in this study, a series of new breakdown reaction

pathways of decalin were identified.
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Figure 4.2 Initiation reactions of decalin breakdown mechanisms: (a) carbon -

carbon bond cleavage, and (b) hydrogen abstractions.

4.3.1 Carbon - carbon bond cleavage reactions
Figure 4.3 shows the potential energy surface for the breakdown of decalin
through Co9 - Ci0 bond cleavage reactions. No transition state was identified to
produce the intermediate ‘b’ (first order saddle point), and the reaction energy for ‘a
— b’ is 88.02 kcal/mol. Further Carbon - Carbon (C - C) bond cleavage leads to the

formation of ¢’ with an energy barrier of 38.11 kcal/mol.
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The addition of hydrogen to the bi-radical ‘c’ produces the intermediate ‘d’
without any transition barrier. Radical ‘d” undergoes C - C bond scission and
produces CzHs and ‘e’. The energy barrier for this step is 27.67 kcal/mol. Further C -
C bond scission leads to the formation of the CsHo radical (f) and CzHs, followed by

the formation of the allyl radical (g) and ethylene.

140 TS1
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Figure 4.3 Potential energy diagram starting from Co - C10 bond cleavage reaction.

4.3.2 Hydrogen abstraction reactions
Figure 4.4 reports the initiation steps for the formation of 1-, 2- and 9-decalyl

radicals through hydrogen abstraction by CHsz radical. The energy barrier to
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produce 1-decalyl is 15.39 kcal/mol, higher than those of 2-decalyl and 9-decalyl,

which are 14.81 and 13.52 kcal/mol, respectively.
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Figure 4.4 Energy barriers to produce 1-, 2-, and 9-decalyl radicals by hydrogen

abstraction reaction.

4.3.3 Reaction pathways from 1-decalyl radical
Nine pathways were identified for the subsequent reactions of 1-decalyl
radical (1b). Six of them (pathways 1 to 6) begin with the Cs - Co bond scission and
the others (pathways 7 to 9) start with the C; - C3 bond scission.
Figure 4.5 reports pathways 1 and 2 that form toluene (C7Hsg). The energy

barrier for the formation of radical ‘Ic” is 34.62 kcal/mol and the following
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hydrogen migration to produce ‘I1d’ has a transition energy of 11.32 kcal/mol.
Subsequently, ‘1d’ decomposes to form ‘1e’ and the propyl (C3H7) radical. Hydrogen
abstraction from the intermediate ‘Ze’ produces radical ‘1f with a transition energy
of 10.10 kcal/mol. From ‘If two different pathways were identified that lead to the
formation of toluene. The ‘1f - 1g — 1h — toluene’ route involves hydrogen addition,
abstraction and further addition to produce toluene. From ‘1f, the most significant
barrier is represented by ‘1f — 1g’, which is 31.21 kcal/mol.

In pathway 2, ‘1f undergoes two hydrogen abstraction reactions (‘1f - 2g’
and 2g — 2h’) and hydrogen addition (2h — toluene’) to produce toluene. The
energy barriers involved in this route are lower than the ones in pathway 1 and the

intermediates are very stable.
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Figure 4.5 Potential energy diagrams for pathways 1 and 2.

As shown in Figure 4.6, three reaction pathways (pathways 3 to 5) start from
the 1-decalyl radical (I1b), which produce benzene and styrene. From the
intermediate ‘1c’, two subsequent f-scission reactions form ‘3d’ and ‘3e’. The energy
barriers of these reactions are 30.97 kcal/mol for 1c = 3d” and 22.48 kcal/mol for
‘3d — 3e’. Sequential hydrogen abstraction reactions, ‘3e —» 3f = 3g — benzene’, lead

to the formation of benzene.

105



E [kcal/mol]

-140 -

-160
-180 |

-200 -

Path 3

-220 — * \
-------- Path 4 1
: \/Q ¥

\

200 - - Path5*

styrene

-260

Figure 4.6 Potential energy diagrams for pathway 3, 4, and 5.

As an alternative, the species ‘3d’ can undergo hydrogen abstraction to form
the molecule “4e’. Styrene is then produced through hydrogen abstraction reactions,
according to the route ‘3d — 4e — 4f = 4g — 4h —styrene’. Decomposition of 4f into
3f and the vinyl radical (C2Hz-) represents another pathway to form benzene
(pathway 5). The energy barrier for 4f — 3f is 35.56 kcal/mol, higher than that of
the 3d — 3e’ reaction, 22.48 kcal/mol. Benzene is then formed from ‘3f following
pathway 3 as previously described.

In Figure 4.7, pathway 6 that produces Ethylbenzene is illustrated.

Intermediate 3d” undergoes hydrogen addition to produce ‘6e’ with an energy
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barrier of 20.92 kcal/mol energy. Subsequent hydrogen abstraction reactions

produce ethylbenzene through the pathway ‘6e — 6f — 6g — 6h — ethylbenzene’.

E [kcal/mol]

ethylbenzene

Path 6

-240

Figure 4.7 Potential energy diagram for pathway 6.

Pathways 7 and 8 that form benzene and styrene are illustrated in Figure 4.8.
Radical ‘1b’ undergoes Cz - C3 bond scission reaction to produce ‘7c’. This reaction
has an energy barrier of 35.37 kcal/mol, similar to that of the Cg - C9 bond scission
reaction of pathway 1, 34.62 kcal/mol. Two successive decomposition reactions first
produce ethylene and ‘7d” and subsequently form the vinyl radical and 7e’. These
are the peculiar steps of this pathway. The energy barrier for 7c — 7d’ is 29.34

kcal/mol, which is very similar to that of reaction 1c — 3d’ of pathway 3, 30.97
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kcal/mol, but the 7d — 7e’ reaction shows a high energy barrier, 35.49 kcal/mol.
Subsequent hydrogen abstraction reactions produce benzene through the steps 7e
- 7f— 7g = 3g — benzene’.

Pathway 8 proceeds from intermediate 7d’ through hydrogen abstraction

reactions to from styrene, through reactions 7d — 4e — 4f - 4g — 4h — styrene’.
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Figure 4.8 Potential energy diagrams for pathways 7 and 8.

Figure 4.9 reports the last decomposition pathway for the 1-decalyl radical.
The ‘7c¢’ undergoes hydrogen addition and abstraction to produce ‘9¢’. The energies
for reactions 7c — 9d’ and ‘9d — 9e’ are 22.46 kcal/mol and 14.75 kcal/mol,

respectively. The ‘9e’ decomposes to the vinyl radical and the species ‘9f, which has
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a 34.88 kcal/mol energy barrier. Ethylbenzene is then produced through hydrogen

abstraction reactions.

E [kcal/mol]
8
|

4 ethylbenzene

4 Path 9

Figure 4.9 Potential energy diagram for pathway 9.

All identified reaction pathways from the 1-decalyl radical start with carbon
- carbon bond scissions to open the ring structure. The products of these ring-
opening reactions undergo several elementary reactions to form mono-aromatic
molecules. Among these elementary reactions, hydrogen addition and migration are
the key steps. The presence of either of those two reactions determines the products

of their pathways. Benzene and styrene are obtained only from pathways that do
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not include any hydrogen addition or migration reactions (pathways 3, 4, 5, 7 and 8).
Conversely, hydrogen migration reactions are required to produce toluene
(pathways 1 and 2). Similarly, ethylbenzene is produced from the pathways that
include hydrogen addition reactions (pathways 6 and 9). These trends characterize
the breakdown mechanisms of multi-ring cycloalkanes when compared with those

of other hydrocarbon groups specifically, linear alkanes.

4.3.4 Reaction pathways from 2-decalyl radical
Two reaction pathways for the decomposition of the 2-decalyl radical are
reported in Figure 4.10. The sequence begins with C3 - C4 bond scission (‘10b — 10c")
to form 70c¢’ and then undergoes hydrogen addition and abstraction to produce
‘10e’. An energy barrier of 17.81 kcal/mol is required to decompose ‘10e’ into 10f
and the allyl radical (C3Hs). Pathway 10 involves hydrogen abstraction reactions
that lead to the formation of toluene, through the route ‘10f —» 10g - 10h —»10i -

toluene’.
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Figure 4.10 Potential energy diagram for pathway 10.

In Figure 4.11, the ‘10b’ can produce ‘11c’ through C; - Co bond scission. The
energy barrier for this reaction, 34.64 kcal/mo], is slightly lower than that of 10b -
10c’, 37.47 kcal/mol. The ‘11c¢’ undergoes a decomposition reaction to produce C4H7
and the 7¢’. From the 7e’, the pathway leads to the formation of benzene, analogous
to pathway 7.

Similar to the pathways of the 1-decalyl radical, benzene is produced from a
pathway which only consists of hydrogen abstraction and bond breaking reactions
(pathway 11). However, the pathway for toluene includes hydrogen addition

reactions right after C - C bond scission (pathway 10).
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Figure 4.11 Potential energy diagram for pathway 11.

4.3.5 Reaction pathways from 9-decalyl radical
Figure 4.12 shows reaction pathways for the 9-decalyl radical. The C1 - C>
bond scission reaction (12b — 12c) requires 34.04 kcal/mol of energy to overcome
the energy barrier and produce intermediate ‘12¢’. This isomer radical (12c)
undergoes a decomposition reaction (12c — 12d) to form ‘12d’ and ethylene.

Successive hydrogen abstraction and addition reactions lead to the formation of

xylene.
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Figure 4.12 Potential energy diagram for pathway 12.

Alternatively, the ‘12¢’ can undergo hydrogen addition (12c¢ — 13d), 21.87
kcal/mol, and hydrogen abstraction (13d — 13e), 14.86 kcal/mol, to produce the
‘13e’. Propyl and the ‘1e’are then formed from the decomposition of 13e’. From ‘Ie/,
toluene is produced following the same reaction route described in pathways 1 and
2 (Figure 4.13).

The 9-decalyl radical produced xylene and toluene, and all of those pathways
involve hydrogen addition reactions. From the reaction pathways of three decalyl
radicals, we observed distinct features of the breakdown mechanisms of multi-ring
cycloalkanes to form mono-aromatic ring molecules. As we showed, all decalyl

radicals begin their breakdown with C - C bond scissions to open their aliphatic
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rings. Subsequently based on their resultant structures, those radicals follow
different pathways. Therefore obtaining accurate energy barriers of these ring
opening reactions is critical in order to correctly identify reaction pathways of
cycloalkane molecules. Another feature is the existence of hydrogen addition or
hydrogen migration determines the aromatic products of their pathways. Benzene
and styrene are produced only from the sequence of hydrogen abstractions and C -
C bond breaking reactions. Most of toluene is obtained from the pathways that
include a hydrogen migration reaction. The other products (ethylbenzene and

xylene) contain hydrogen addition reactions in their pathways.

E [kcal/mol]
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Figure 4.13 Potential energy diagram for pathways 13 and 14.
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4.4 Kinetic modeling

Reaction rate constants were obtained at different temperature condition by
using the RRKM and TST methods. Computed high-pressure limit constants are
listed in Tables C.1 to C.13 in the Appendix C. The resulting thermal rate constants
are of reasonable accuracy as long as the high-pressure limit can adequately
describe the target reaction conditions. For flame modeling at ambient pressure, the
high-pressure limit approximation is generally valid, and therefore our computed
rate constants can be used in detailed kinetic modeling of atmospheric combustion.

The newly identified reaction pathways for decalin breakdown and their
relative reaction rates were implemented in a kinetic mechanism analysis code. The
CHEMKIN software packagell3% 1401 was utilized to study the time-dependent
chemical kinetics behavior of a closed homogeneous gas mixture system in the
temperature range of 700K - 1500K and 1 atm. The mechanism includes all the
reaction steps previously described. Table C.14 in the Appendix C reports the
calculated product yields (%) of benzene, toluene, styrene, ethylbenzene and xylene
as a function of temperature.

At low temperature conditions (700K), the major reaction product is
benzene, which is formed mainly through pathways 3, 7 and 11. The pathway 11
accounts for most of the benzene production within the temperature ranges
considered. At 700K, pathway 11 contributes 99% of benzene production and the
value goes down to 76% at 1500K. The contribution of pathways 3 and 7 to benzene
formation increases with temperature, reaching 8.55% and 14.69% at 1500K,

respectively.
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Toluene is produced through pathways 1 and 2. The other three routes
leading to toluene, pathways 10, 13 and 14 are less significant. Pathways 13 and 14
compete with pathway 12 to form xylene and pathway 10 overcomes Path 11 to
produce benzene. At low temperatures toluene is mainly formed through pathway 2
(99%). As the temperature increases the contribution of pathway 2 become less
significant. As a result, pathway 1 contributes 67% and pathway 2 does 32% to the
final yields of toluene at 1500K.

Benzene production reaches a minimum at 1000K, where the toluene yield
peaks. The amounts formed of both of these two compounds are interdependent, as
a result of the competition of pathways 1 and 7, in which the ‘1b’ can form “1c¢’or 7c’
to produce toluene or benzene, respectively.

Styrene is produced through pathway 8 and the overall yield is low
compared with benzene and toluene. This result is due to the competition with
pathways 3 and 7 that lead to the formation of benzene.

Ethylbenzene is formed through pathways 6 and 9. At low temperatures,
pathway 9 represents the main production route for ethylbenzene. However at
1500K, pathway 6 accounts for 10% of the total yield. In the same way as styrene,
ethylbenzene accounts for very small portion of products due to the competition
with pathways 3 and 7.

Xylene is produced through pathway 12 and its yield increases as the
temperature goes up. Its production, however, is below 1% in the temperature

range analyzed.
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The overall results demonstrate that hydrogen abstraction and C - C bond
breaking reactions are energetically favorable than hydrogen abstraction and
hydrogen migration reactions. These trends explain the preferential formation of

benzene from the breakdown mechanisms of decalin.

4.5 Conclusions

Fourteen reaction pathways that connect decalin to five mono-aromatic
species (benzene, toluene, styrene, ethylbenzene and xylene) were identified. The
basic reactions for the new routes are carbon - carbon bond scission, dissociation,
hydrogen abstraction and hydrogen addition. Reaction rate constant for each
elementary reaction was computed and kinetic modeling analysis was also
conducted to evaluate the relative importance of each pathway. The computed
reaction pathways and their reaction rates can supply accurate kinetic data for
combustion modeling under conditions where high pressure limit rates are
applicable. Computed rate constants of decalin can be further incorporated in
existing kinetic mechanisms for flame combustion and pyrolysis analysis to improve

the prediction of aromatic concentrations.
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Chapter 5

Conclusions

This study aimed at investigating molecular transport and chemical kinetic
data of the components of jet fuel surrogates to improve the predictive capability of
their combustion reaction mechanisms. We used molecular modeling approaches to
compute and validate transport properties of various classes of hydrocarbons and
employed ab-initio techniques to identify the breakdown mechanisms of decalin, a
multi-ring cycloalkane component of fuel surrogates.

For molecular transport data, we first tested the validity of gas kinetic theory
for polyatomic molecules. One major assumption in gas kinetic theory is the
simplification of molecular configurations to spherical structures, which is
potentially problematic for large polyatomic molecules. To understand the effect of
this assumption, we compared gas kinetic theory with all-atom Molecular Dynamics
simulations. Since atomistic level modeling treats all bonded and non-bonded

interactions between atoms, it can be used to assess the effect of molecular
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structures on transport properties. Therefore, we computed mutual mass diffusion
coefficients of three hydrocarbon classes (linear alkanes, cycloalkanes and aromatic
molecules) in nitrogen carrier gas using both MD simulations and the analytical
equation of gas kinetic theory (Chapman-Enskog equation). This comparison reveals
that the Chapman-Enskog (C-E) equation overestimates diffusion coefficients of the
hydrocarbons considered in this study and the discrepancy increases as the
molecules become non-spherical.

To better understand these results, we measured the effect of molecular
configurations on mass diffusion coefficients by employing the radius of gyration
(Rg). Since Rg reproduces the moment of inertia of the molecules, it is one of the
simplest ways to represent vibrational and rotational information present in all-
atom MD simulations. To measure the contribution of molecular structures to
diffusion values, we related the computed Rg to the collision diameters obtained
both from MD simulations (omp) and from the C-E equation (oc-g). In this procedure,
we observed that oc.g cannot be linearly related to the Rg. On the other hand, omp
produced much smaller deviations from the linear relation with Rg for all
hydrocarbons. These results highlight the ability of MD simulations to take into
account differences in molecular configurations and that the C-E equation cannot
yield reliable diffusion coefficients especially for large molecules that have non-
spherical structures.

To assess the relative importance on diffusion coefficients of molecular
configurations with respect to the employed force field, we parameterized an

equivalent single body potential from the multi body all atom force field. Free

119



energy calculations were conducted to identify the coexistence curves of systems in
the liquid - gas transition region. From these data, we estimated the new potentials
by using the correlations of corresponding state. Diffusion coefficients computed
with these equivalent potentials were very similar to those from the C-E equation
and showed large deviations from all-atom MD results. This comparison shows that
although the equivalent spherical potentials were derived from the all-atom MD,
thermodynamic properties cannot compensate for the lack of structural information.
This also confirms that the assumption of spherical molecules in gas kinetic theory
is not appropriate for polyatomic molecules and the molecular configurations have a
dominant effect on transport properties. With our approach however, we were able
to find a simple relation between molecular configuration and diffusion, relating Rg
and collision diameters (omp and oc-) for all the hydrocarbons. Hence we removed
the limitations of the C-E equation by including the effect of molecular
configurations.

The importance of this study lays not only in the improvement of existing
data and methods but also in the fact that it suggests a simple general approach to
deal correctly with new fuel components. Since standard gas kinetic theory and
experiments can hardly give reliable or enough data for all the molecules that are of
interest in hydrocarbon combustion or alternative fuels, accurate transport
properties should be obtained through other methods. All-atom MD simulations can
provide a simple and effective approach to overcome the above limitations and

obtain diffusion coefficients for new realistic fuel components.
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In the field of kinetic reactivity, we identified the breakdown mechanisms of
decalin, a bi-cyclic naphthene commonly employed as a representative component
of jet fuel surrogate. From ab-initio calculations, we obtained a total of fifteen
possible reaction pathways that connect decalin to five mono-aromatic species
(benzene, toluene, styrene, ethylbenzene and xylene). These reaction pathways are
initiated by two elementary reactions, carbon bond cleavage reaction or hydrogen
abstraction reactions. Each pathway connects the reactants to the products through
a series of about ten reaction steps chosen among four elementary reactions
(carbon bonds breaking reactions, dissociation reaction, hydrogen abstraction
reactions, and hydrogen addition reaction). Electronic structures and energy states
of all reactants, products, intermediates and transition states were explored for all
the identified pathways. The activation energy of each reaction step and the
geometry of all species were computed by using a hybrid density functional theory
(B3LYP) and 6-31G(d,p) basis set.

From these data, we computed rate constants for the unimolecular and
bimolecular reactions by using transition state theories in the temperature range of
700 - 1500K. The kinetic mechanism analysis shows the relative importance of each
reaction pathways and concludes that benzene and toluene comprise around 99% in
the product mixture. Computed rate constants of decalin can be further
incorporated in existing kinetic mechanisms for flame combustion and pyrolysis
analysis to improve the prediction of aromatic concentrations. Moreover, these
findings can be used to understand the chemical reactions of cycloalkanes as a

component of jet fuel surrogate.
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Appendices

A. Supplementary tables of chapter 2

Table A.1 Mutual diffusion coefficients of n-C7H1¢/N2 mixtures for different system

sizes at 1 atm.

D12 [cm2/s] [Number of molecules - C7H16 : N2]

Temp. | A(50:500) | B(100:1000) | C(300:3000) | D (500 :5000)
500K 0.163 0.170 0.172 0.173
1000K 0.531 0.542 0.557 0.549

Table A.2 Mutual diffusion coefficients of n-Cz3Hg/Nz and n-C4H10/N2 mixture at 1

atm and comparison with experimental data (MD: Molecular Dynamics simulations,

EXP: experiment)

D12 [cm?/s]
C3Hg/N2 C4H10/N2
Temp. MD Exp MD Exp
573K | 0.373+0.008 0.380 0.306+0.007 0.283
671K | 0.483+0.009 0.502 0.401+0.010 0.351
725K | 0.559+0.011 0.576
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Table A.3 Mutual diffusion coefficients of six heptane isomers in nitrogen at

different temperatures, latm.

D12 [cmZ2/s]

Mixture 500K 600K 700K 800K 900K 1000K

n-C7H16/N2 0.172 0.244 0.314 0.391 0.499 0.560

2-C7H16/N2 0.171 0.248 0.326 0.405 0.493 0.592

2,2-C7H16/N2 0.171 0.249 0.331 0.407 0.513 0.607

2,3-C7H16/N2 0.172 0.250 0.331 0.411 0.520 0.610

3,3-C7H16/N2 0.177 0.256 0.331 0.410 0.523 0.617

2,2,3-C7H16/N2 0.180 0.254 0.335 0.421 0.523 0.619

Table A.4 Mutual diffusion coefficients of normal alkanes in nitrogen as a function of

temperature, at 1 atm, obtained from MD simulations.

Mixture D12 [cm?/s] Mixture D12 [cm?/s]

CH4/N2 1.588x10-5 T1.679 C2Hs/N2 1.144x10-5 T1.669
C3Hs/N2 9.319x10-6 T1.667 C4H10/N2 7.727x%106 T1673
CsH12/N2 6.706x106 T1.669 CsH14/N: 5.972x106 T1672
C7H16/N2 5.295x10-6 T1.674 CsHi1s/N: 4,993x10-6 T1.671
CoH20/N2 4.678x10-6 T1.667 C1oHz22/N2 4.006x10-6 T1.681
C11H24/N2 3.560x106 T1.688 C12Hz26/N2 3.508x10-6 T1679
C13H28/N2 3.309x106 T1678 C14H3z0/N2 3.016x106 T1.686
C1sH3z2/N2 2.667x1076 T1.691 Ci6H3z4/N2 2.620x106 T1693
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Table A.5 Mutual diffusion coefficients of cycloalkanes in nitrogen as a function of

temperature, at 1 atm, obtained from MD simulations.

Mixture D12 [cm?2/s] Mixture D1z [cmZ2/s]
C7H14/N2 2.695x10-6 T1.7882 C11Hz22/N> 1.852x10-6 T1.7924
CsH16/N2 2.492x106 T17823 Ci2Hz24/N> 1.764x10-6 T17919
CoH1s/N2 2.239x10-6 T1.7874 C13Hz6/N2 1.611x10-6 T17938
C10H20/Nz2 2.041x10-6 T17911 C14Hz28/N> 1.520x10-6 T17931

Table A.6 Mutual diffusion coefficients of aromatic molecules in nitrogen as a

function of temperature, at 1 atm, obtained from MD simulations.

Mixture D1z [cm?2/s] Mixture D12 [cm?2/s]
CeHes/N2 3.599x10-6 T1.7829 Ci6H10/N2 1.744x10-6 T17953
C10Hs/N2 2.539x10-6 T17835 | CygHiz-a/N2 1.501x10-6 T17966

C14H10-a/N2

1.902x10-6 T1.7914

CisH12-b/N2

1.592x10-6 T1.7944

C14H10-b/N2

1.961x10-6 T1.7937

CisH12-c/N2

1.572x10-6 T1.7941

CigH12-d/N2

1.652x10-6 T1.7937
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Table A.7 Thermodynamic properties and derived potential parameters of linear

alkanes
Molecules Te [K] P, [atm] To [K] o [A] g/ks [K]

CHa4 190.6 45.49 111.0 3.793 153.0
C2He 305.3 48.35 184.6 4.274 266.2
CsHs 369.9 41.94 231.0 4.737 335.2
C4Hio 425.0 37.50 273.0 5.102 400.8
CsH12 469.8 33.15 309.2 5.454 457.2
CoHi4 507.6 29.80 341.9 5.747 511.5
C7H16 540.0 27.04 371.5 6.004 563.3
CsHis 568.9 24.57 398.7 6.256 611.4
CoHzo 595.0 22.69 423.8 6.466 658.2
C1oHa22 617.8 20.82 447.2 6.680 703.2
C11Hz4 639.0 19.54 468.0 6.855 743.1
C12Hz26 658.2 17.76 489.0 7.096 782.6
C13Hzs 676.0 16.77 507.0 7.256 817.8
C14H30 693.0 15.79 523.0 7.455 841.7
C1sHsz 708.0 14.80 540.0 7.619 877.5
C16H34 722.0 13.83 554.0 7.841 895.8
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Table A.8 Thermodynamic properties and derived potential parameters of

cycloalkanes
Molecules Te [K] P, [atm] To [K] o [A] g/ks [K]
C7H14 573.0 34.34 374.0 5.777 550.6
CsHis 609.0 30.00 405.0 6.144 594.1
CoH1s 639.2 27.73 429.0 6.403 626.4
C10Hz20 667.1 25.36 453.0 6.675 659.6
C11Ha2z 683.3 23.11 4721 6.899 691.8
C12H24 700.2 21.36 493.8 7.065 737.5
C13Hzs 715.2 19.84 514.4 7.206 785.2
C1aHz2g 728.6 18.52 534.1 7.321 836.1

Table A.9 Thermodynamic properties and derived potential parameters of aromatic

molecules

Molecules Te [K] P. [atm] T [K] o [A] e/ks [K]

CeHe 562 48.25 353.1 5.144 531.9

C10Hs 748 40.46 490.0 5.907 753.5

C14H1o-a 873 28.62 613.0 6.764 983.5

C14H1o-b 869 28.62 609.2 6.764 974.0
C16H1o 936 25.75 667.9 7.119 1079.3
CigH1z-a 987 23.58 716.2 7.387 1174.9
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Table A.10 Mutual diffusion coefficients of linear alkanes in nitrogen as a function of

temperature at 1 atm, obtained from the C-E equation.

Mixture D12 [cm?2/s] Mixture D1z [cmZ2/s]

CHa/N2 1.483x10-5 T1.6923 C2Hes/N: 8.982x10-6 T1.7139
CsHs/N2 6.668x106 T1.7252 C4H10/N> 5.354x10-6 T17349
CsH12/N2 4.469x10-6 T17429 CeH14/N2 3.844x106 T17504
C7H16/N2 3.376x10-6 T17573 CsH1s/N2 3.001x106 T1.7636
CoHz0/N2 2.716x106 T1.7692 C10Hz22/N2 2.471x10-6 T17743
C11H24/N2 2.285x10-6 T17788 C12Hz26/N2 2.082x106 T1.7839
C13Hz2s/N2 1.949x10-6 TL7876 C14H30/N2 2.083x106 T1.7839
C1sHs2/N2 1.723x10-6 T1.7934 C16H34/N> 1.833x10-6 T17900

Table A.11 Mutual diffusion coefficients of cycloalkanes in nitrogen as a function of

temperature at 1atm, obtained from the C-E equation.

Mixture D1z [cm?2/s] Mixture D1z [cm?2/s]
C7H14/N2 3.604x10-6 T17554 C11Hz22/N2 2.377%10-6 T17732
CsH16/N2 3.137x10-6 T17611 C12H24/N2 2.190x10-6 T1.7786
CoH1s/N2 2.844x106 T17653 C13Hz6/N2 2.028x106 T1.7839
C10H20/N2 2.585x106 T17692 C14H28/N2 1.888x10-6 T17896
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Table A.12 Mutual diffusion coefficients of aromatic molecules in nitrogen as a

function of temperature at 1 atm, obtained from the C-E equation.

Mixture D1z [cm?/s]
CeHes/N2 4.347x10-6 T1.7530
C10Hs/N2 2.782x10-6 T17799

C14H10-a/N2 1.866x10-6 T1.8043

C14H10-b/N2 1.877x10-6 T18036

Ci6H10/N2 1.600x10-6 T1.8139

CisH12-a/N> 1.413x10-6 T1.8221

Table A.13 Average radius of gyrations linear alkanes obtained with MD simulations.

Species Rg [A] Species Rg [A]
CHa4 0.549 C2He 0.978
C3Hs 1.299 CsH1o 1.617
CsHi1z 1.932 CeH1a 2.244
C7H1e 2.541 CsHi1s 2.845
CoH2o 3.134 CioH22 3.421

C11H24 3.693 C12H26 3.951

C13Hzs 4.228 C14H30 4.484

CisHsz 4.730 C16H34 4,978
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Table A.14 New collision diameters (omp) of linear alkanes.

Species omp [A] Species omp [A]
CH4 3.849 C2He 4.481
C3Hs 4.935 CsH1o 5.288
CsHiz 5.821 CeH1a 6.094
C7H1e 6.517 CgHis 6.812
CoHzo 7.147 C1oH22 7.441

C11H24 7.747 C12Hz26 8.081
C13Hzs 8.427 C14H30 8.598
CisHsz 8.973 C16H34 9.099

Table A.15 New collision diameters (omp) of cycloalkanes.

Species omp [A] Species owp [A]
C7H14 6.135 C11H22 7.516
CsHis 6.545 C12H24 7.736
CoH1s 6.859 C13H26 8.059
C10H20 7.187 C14H2s 8.350
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Table A.16 Average radius of gyrations of cycloalkanes obtained with MD

simulations.
Species Rg [A] Species Rg [A]
C7H14 1.856 C11H22 3.084
CsH1e 2.129 C12H24 3.391
CoH1s 2.446 C13Hz6 3.695
C10H20 2.765 C14H2s 3.988

Table A.17 New collision diameters (omp) of aromatic molecules.

Species omp [A] Species owp [A]
CeHs 5.110 CisHiz-a 7.991
C1oHs 6.279 CigsHi12-b 7.708

C14H10-a 7.158 CigH1z2-c 7.803

C14H10-b 6.858 CigH12-d 7.534

Ci6H1o0 7.297

Table A.18 Average radius of gyrations of aromatic molecules obtained with MD

simulations.
Species Rg [A] Species Rg [A]
CeHe 1.528 CisHiz-a 3.586
C1oHs 2.196 CisH12-b 3.402
C14H10-a 2.883 CisHi2-c 3.333
C14H10-b 2.744 CigH1z-d 3.082
Ci6H1o 2.778
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B. Supplementary tables of chapter 3

Table B.1 Estimated errors for all A of Figure 3.1.

A % [K]/mol] | Error [K]/mol]
0.0 3.074 0.260
0.1 2.849 0.223
0.2 2.669 0.175
0.3 2411 0.160
0.4 2.168 0.136
0.5 2.032 0.168
0.6 1.645 0.145
0.7 1.325 0.142
0.8 0.886 0.176
0.9 0.199 0.242
1.0 -0.331 0.242
Integration 1.756
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linear alkanes obtained from MD simulations.

Table B.2 Equilibrium vapor pressure (Psat), liquid (piiq) and vapor densities (pvap) of

CH4 C2He
Temp[K] | 150 | 160 | 170 | 270 | 280 | 290
Peat [bar] 97 | 154 | 225 | 214 | 271 | 334
piq [kg/m3] | 222.7 2149 206.2 245.8 237.2 226.5
Pvap [kg/m3] 13.9 22.3 33.2 33.9 42.2 52.3
CsHs C4H1o
Temp[K] | 330 | 340 | 350 | 380 | 390 | 400
Psat [bar] 18.4 22.5 27.2 15.9 19.2 22.3
piiq [kg/m3] | 271.7 263.7 252.5 281.5 273.5 263.1
Ppvap [kg/m3] 33.9 42.7 51.4 34.1 40.2 45.9
CsHiz CeH14
Temp [K] 420 430 440 450 460 470
Psat [bar] 13.6 16.3 19.1 11.0 13.1 15.5
pliq [kg/m3] 303.5 294.3 2829 3209 311.6 301.1
pvap [kg/m3] 33.5 39.5 45.5 27.9 32.4 37.2
C7H1e CsHis
Temp[K] | 500 | 510 | 520 | 530 | 540 | 550
Psat [bar] 13.7 16.2 18.5 13.0 15.1 17.6
plig [kg/m3] 300.2 290.3 276.0 327.5 309.6 286.8
pvap [kg/m3] 39.9 48.8 56.9 42.1 48.4 55.6
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CoH20 C1oH22
Temp[K] | 540 | 550 | 560 | 560 | 570 | 580
Psat [bar] 9.4 10.9 12.3 8.2 9.6 11.5
Pliq [kg/m3] 326.4 317.6 305.9 274.0 266.8 259.9
pvap [kg/m3] 31.3 37.0 41.7 30.1 35.7 43.4
C11H24 C12Hz6
Temp[K] | 580 | 590 | 600 | 610 | 620 | 630
Psat [bar] 7.4 8.8 10.0 8.4 9.9 11.2
plig [kg/m3] 299.1 292.2 283.3 301.1 2929 280.9
pvap [kg/m3] 27.5 33.1 38.1 33.6 40.5 45.8
C13Hzs C14H30
Temp[K] | 630 | 640 | 650 | 650 | 660 | 670
Peat [bar] 8.1 92 | 105 | 80 93 | 107
Pliq [kg/m3] 286.7 278.0 268.4 286.2 275.0 260.4
ovap [kg/m3] | 334 | 384 | 442 | 351 | 409 | 466
C1sHsz C1e6H34
Temp [K] 650 660 670 670 680 690
Pgat [bar] 6.0 7.1 8.0 6.2 7.1 8.1
Plig [kg/m3] 293.4 286.9 278.1 298.3 289.3 277.7
pvap [kg/m3] 26.0 31.7 36.2 28.6 34.3 39.3
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cycloalkanes obtained from MD simulations.

Table B.3 Equilibrium vapor pressure (Psat), liquid (piiq) and vapor densities (pvap) of

C7H14 CsHie
Temp [K] 530 540 550 560 570 580
Psat [bar] 17.0 20.1 22.7 15.0 17.1 19.0
Pliq [kg/m3] | 354.7 341.8 322.9 369.5 356.3 339.7
pvap [kg/m3] 46.3 54.2 59.8 42.9 47.9 52.3
CoH1s C1oH20
Temp[K] | 590 | 600 | 610 | 620 | 630 | 640
Pec[bar] | 143 | 161 | 179 | 139 | 157 | 17.4
Piiq [kg/m3] | 336.1 325.3 313.2 349.5 336.5 321.1
pvap [kg/m3] | 44.1 48.6 53.8 45.6 50.3 55.4
C11H22 C12H24
Temp[K] | 630 | 640 | 650 | 650 | 660 | 670
Psat [bar] 10.5 12.2 13.5 8.7 10.4 11.7
piiq [kg/m3] | 350.7 342.5 331.1 364.8 3519 338.7
pvap [kg/m3] 35.9 41.7 45.7 34.1 37.0 41.6
C13Hz2e C14H2s
Temp [K] 660 670 680 670 680 690
Psat [bar] 8.1 9.3 10.5 7.7 8.9 10.1
piiq [kg/m3] | 367.9 356.5 343.2 3479 339.2 328.7
pvap [kg/m3] 31.2 35.6 39.7 31.7 36.6 41.0
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aromatic molecules obtained from MD simulations.

Table B.4 Equilibrium vapor pressure (Psat), liquid (piiq) and vapor densities (pvap) of

CeHe C1ioHs
Temp[K] | 520 | 530 | 540 | 700 | 710 | 720
Psat [bar] 26.8 29.9 34.2 22.5 24.2 26.7
piiq [kg/m3] | 455.9 432.5 406.1 458.9 440.1 420.9
Pvap [kg/m3] 56.5 61.5 69.1 57.5 60.4 65.9
C14H10-a C14H10-b
Temp[K] | 830 | 840 | 850 | 830 | 840 | 850
Psat [bar] 16.7 18.5 20.3 16.6 18.5 20.2
piiq [kg/m3] | 489.6 471.1 449.1 488.9 471.1 450.2
Ppvap [kg/m3] 50.1 55.1 59.7 50.0 55.1 59.6
C16H1o CigHiz-a
Temp [K] 890 900 910 910 920 930
Pet[bar] | 149 | 165 | 182 | 107 | 117 | 129
piiq [kg/m3] | 478.6 459.8 437.4 501.6 | 486.9 471.5
Ppvap [kg/m3] 46.8 51.7 56.0 36.0 39.6 43.9
CisHi2-b CisHiz-c
Temp [K] 910 920 930 910 920 930
Psat [bar] 10.9 11.8 13.0 10.8 11.7 13.0
piq [ke/m3] | 500.7 | 487.4 | 4723 | 501.8 | 487.2 | 47138
pvap [kg/m3] 35.9 39.5 44.0 36.0 39.7 44.0
CisHiz-d
Temp[K] | 910 | 920 | 930
Pec[bar] | 108 | 11.8 | 129
piq [kg/m3] | 501.2 | 486.8 | 472.1
ovap [kg/m3] | 35.8 | 39.5 | 43.8
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Table B.5 Critical pressures (Pc), critical temperatures (T:) and normal boiling
temperatures (Tp) of linear alkanes. MD denotes Molecular Dynamics simulations

and EXP represents experimental data.

MD EXP

Tc [K] | Pc[atm] | Tb [K] Tc [K] | Pc[atm] | Tb [K]

CH4 195.5 47.0 112.4 190.6 46.0 111.7

C2He 314.2 47.9 171.1 305.3 48.7 184.5

C3Hs 379.6 40.8 228.2 369.8 42.5 231.1

C4H1o 440.6 38.1 262.7 425.1 37.9 272.6

CsHiz 482.4 32.9 304.7 469.7 33.7 309.2

CeH1a 530.2 30.7 334.3 507.6 30.3 3419

C7H1e 548.6 26.0 364.1 540.2 27.4 371.6

CsHis 572.5 23.6 405.5 568.7 24.9 398.8

CoH20 609.4 22.2 4249 594.6 22.9 423.9

C1oH22 626.0 19.1 451.2 617.7 21.1 447.3

C11H24 | 654.3 18.9 465.3 639.0 19.5 469.1

Ci2H26 | 668.4 17.4 475.9 658.0 18.2 489.5

Ci3Hzs | 694.5 16.9 501.7 675.0 16.8 508.6

Ci4Hzo | 7011 15.0 526.5 693.0 15.7 526.7

CisHs2 | 725.5 14.1 544.4 708.0 14.8 543.8

CieH3s | 733.4 13.5 557.7 723.0 14.0 560.1
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Table B.6 Critical pressures (Pc), critical temperatures (T:) and normal boiling
temperatures (T5) of cycloalkanes. MD denotes Molecular Dynamics simulations and

EXP represents experimental data.

MD EXP

Tc [K] | Pc[atm] | T [K] Tc [K] | Pe[atm] | T [K]

C7H14 581.7 32.3 374.4 573.0 34.3 374.0

CsHie 621.6 28.2 390.4 609.0 30.0 405.0

CoHis 655.5 27.6 422.1 639.2 27.7 429.0

Ci0H20 | 679.0 25.7 451.9 667.0 25.4 453.0

C11H22 707.1 22.8 466.8

C12H24 721.3 20.5 512.7

CisHze | 733.5 18.5 527.7

C14H2s 749.2 17.6 526.7
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Table B.7 Critical pressures (P.), critical temperatures (T:) and normal boiling
temperatures (T») of aromatic molecules. MD denotes Molecular Dynamics

simulations and EXP represents experimental data.

MD EXP

Tc [K] | Pc[atm] | Tb [K] Tc [K] | Pc[atm] | T [K]

CeHe 569.1 47.9 361.3 562.0 48.3 3531

CioHs 763.5 38.9 489.5 748.0 40.5 490.0

Ci4H10-a | 894.2 30.8 622.8 873.0 28.6 613.0

C14H10-b | 894.8 30.8 622.1 869.0 28.6 609.2

Ci6H1o0 953.4 26.8 687.0 936.0 25.8 667.9

CisHiz-a | 996.7 24.0 731.2 987.0 23.6 716.2

CigH1i2-b | 995.8 23.8 730.6

CigHiz-c | 996.3 24.0 730.8

CigHi2-d | 996.2 24.0 730.5
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Table B.8 L-] 12-6 potential parameters for linear alkanes obtained from MD

simulations.
o [A] e/ks [K]

CH4 3.771 154.9
C2He 4.515 227.9
C3Hs 4915 315.6
C4H1o 5.314 356.3
CsHiz 5.648 425.2
CeH14 5.993 457.1
C7H1e 6.288 513.6
CsHis 6.311 629.8
CoHzo 6.637 649.6
C1oH22 6.997 681.2
C11H24 7.184 685.0
C12Hz26 7.482 688.9
C13Hz2s 7.591 738.1
C14H30 7.719 820.1
CisHsz 7.884 840.2
C16H34 8.064 869.9
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Table B.9 L-] 12-6 potential parameters for cycloalkanes obtained from MD

simulations.
o [A] e/ks [K]
C7H14 5.997 532.6
CsHie 6.417 540.7
CoHis 6.629 578.7
C10H20 6.766 638.6
C11H22 7.142 666.3
C12H24 7.197 770.7
C13Hze 7.520 774.9
C14H2s 7.725 779.2

Table B.10 L-] 12-6 potential parameters for aromatic molecules obtained from MD

simulations.

o [A] g/ks [K]

CeHs 5.149 550.9
Ci0Hs 6.115 724.5
C1sH10-a 6.667 1001.2
C14H10-b 6.678 999.4
Ci6H1o 6.966 1149.0
CisHiz-a 7.256 1240.2
CigH12-b 7.277 1237.7
CigH12-c 7.257 1239.4
CigH12-d 7.255 1238.8
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C. Supplementary tables of chapter 4

Tables C.1 to C.14 list reaction rates constants.
F denotes forward reaction and R represents reverse reaction, Eq [kcal/mol] is the

activation energy of each reaction.

Arrhenius format, k(T) = AT" exp(-Eo/RT),

Table C.1 The reaction rate constants of pathway 1.

Arrhenius constants
Reaction Direction
A n E,
St F 2.671E+12 0.31573 | 18.707
R 7.925E+11 | 0.33150 | 27.450
2 72 * F 5.752E+14 | -0.30744 | 42.923
2|0 =0
R 1.235E+12 | -0.37251 | 25.155
¢ 7S3 F 9.057E+11 | -0.11915 | 17.029
OO0
. R 1.082E+12 | -0.08198 | 40.868
754 F 1.844E+16 | -0.28498 | 48.546
)= -
Q R 1.257E+13 | -0.30436 | 19.868
/@ 7S5 Ij F 2.113E+12 | 0.28600 | 13.756
1-5 + R —»
3 R 3.513E+12 0.30680 | 34.454
/@ - TS6 /© F 1.623E+13 | 0.33178 | 35.400
1_6 + —_—
s R 5.800E+12 0.29452 | 14.407
/@ 757 /@ F 2.297E+12 | 0.25650 | 11.764
1-7 + R —
R 4.517E+12 0.28643 | 45.063
/.© 758 /@ F 2.338E+11 0.10499 | 11.868
1-8 + R —
R 1.817E+12 0.31475 | 94.098
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Table C.2 The reaction rate constants of pathway 2.

Arrhenius constants

Reaction Direction
A n E,
From ‘1-5’ reaction
TS6 F 9.972E+10 | 0.12649 | 12.718
2-6 + R ——» + R
5 R 1.790E+12 | 0.29685 | 76.410
/() T p F 1.209E+13 | 0.21989 | 9.815
2-7 + R —» + R
R 5.013E+13 | 0.28842 | 58.179
/@. 758 /@ F 8.112E+12 | 0.32867 | 31.255
2-8 + R — + R
R 5.949E+11 | 0.29221 13.738
Table C.3 The reaction rate constants of pathway 3.
Arrhenius constants
Reaction Direction
A n E,
From ‘1-2’ reaction
® 753 F 1.258E+15 | -0.30286 | 39.263
@)=
R 6.522E+12 | -0.31250 | 23.283
ez F | 2.615E+14 | -0.24370 | 28612
. D=0 -
® R 5.852E+12 | -0.21731 | 29.665
@ 7S5 © F 1.622E+11 | 0.16830 | 11.370
3-5 + R ——» + R
* R 4.161E+12 0.32652 | 66.643
756 F 5.007E+12 0.25421 11.081
36 @ + R TS5, © L R
* R 1.480E+13 0.28425 | 45.005
TS7 F 1.504E+11 0.12669 | 11.123
3-7 © + R —2lp + R
* R 2.425E+13 0.33921 | 93.567
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Table C.4 The reaction rate constants of pathway 4.

Arrhenius constants
Reaction Direction
A n E,
From ‘3-3’ reaction

754 F 1.944E+10 | 0.14242 12420

l Oemze e
e R 7.473E+11 | 0.33513 83.036
7S5 F 5.392E+11 | 0.31820 17.638

4-5 - * Re—> " R
< R 4.671E+11 | 0.33086 | 24.758
TS6 F 9.172E+10 | 0.12427 14.298

4-6 b t+ R —> S R
. R 2.574E+12 | 0.29891 85.560
TS7 F 3.511E+12 | 0.24637 | 11.979

4-7 \/@ + R — \/@ R
X X R 1.091E+13 | 0.29287 | 45.581
. 758 F 5.865E+10 | 0.12088 | 10.727
X X R 1.701E+12 | 0.32594 | 99.985

Table C.5 The reaction rate constants of pathway 5.

Arrhenius constants

Reaction Direction
A n E,
From ‘4-5’ reaction
. \/@ 7S6 © . 2 F 6.387E+14 | -0.16959 | 41.826
N 4 8.166E+12 | -0.17896 | 16.490
To ‘3-6’ reaction
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Table C.6 The reaction rate constants of pathway 6.

Arrhenius constants
Reaction Direction
A n E,
From ‘3-3’ reaction
\/@ 754 \/@ F 7.281E+11 | 0.32328 | 24.201
6-4|. + R —» R
R 2.380E+12 | 0.32214 18.693
\@ 7S5 \@ F 6.431E+11 | 0.31917 | 17.906
6-5 + R — R
v R 5.307E+11 | 0.33619 | 26.427
TS6 F 9.978E+10 | 0.12523 14.525
6-6 + RR —» R
S R 2.252E+12 | 0.29925 85.758
157 . F 2.668E+12 | 0.24728 12.266
oo D)o )
R 8.563E+12 | 0.29549 | 46.118
. S8 F 3.606E+10 | 0.11008 | 11.290
R 1.131E+12 | 0.30724 | 96.707

144




Table C.7 The reaction rate constants of pathway 7.

Arrhenius constants
Reaction Direction
A n E,
From “1-1’ reaction
752 N F 1.230E+15 | -0.29374 | 44.091
7-2 TR .
R 3.660E+12 | -0.35229 | 18.991
F 2.214E+15 | -0.31624 | 37.454
” R 6.552E+12 | -0.31085 | 24.817
XN 154 . F 1.223E+15 | -0.20230 | 42.283
7-4 S L
. R 2.343E+13 | -0.21973 | 18.759
7S5 * F 2.252E+12 0.31905 | 16.259
7-5 + R —» + R
R 1.037E+12 0.32647 | 25.016
& 756 F 1.045E+11 0.12735 | 13.552
7-6 @ + e 158, £ R
R 9.816E+12 0.30235 | 84.666
757 2 F 1.156E+13 0.24735 | 11.250
77 O v B oL, @ + R
R 2.126E+13 | 0.28685 | 45.243
2 7S8 F 1.862E+11 0.09502 | 11.117
7-8 @ + Re ——» © + R
R 3.072E+12 0.30608 | 93.587
Table C.8 The reaction rate constants of pathway 8.
Arrhenius constants
Reaction Direction
A n E,
From ‘7-3’ reaction
F 8.925E+10 | 0.13348 13.312
8-40/\“'*‘ TS4 ©/\+R
* 5.123E+12 | 0.30551 87.110
To ‘4-5’ reaction
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Table C.9 The reaction rate constants of pathway 9.

Arrhenius constants
Reaction Direction
A n E,
From ‘7-2’ reaction
A F 9.828E+11 | 0.32043 | 25.652
R 1.929E+12 | 0.31914 | 19.627
F 3.366E+11 | 0.30187 | 18.218
0 R 5.333E+10 | 0.32231 32.825
X TS5 A F 9.315E+14 | -0.28587 | 43.495
o O = O -
0 R 1.160E+13 | -0.30492 | 19.909
756 * F 1.212E+12 | 0.31916 | 17.378
R 1.116E+12 | 0.32493 | 26.208
. 157 F 1.056E+11 0.12633 | 14.497
R 1.780E+12 | 0.30174 | 85.560
S8 2 F 2.726E+12 | 0.24500 | 12.283
=0 @\/ 'R @\/ "R
R 1.289E+13 | 0.28117 | 46.813
2 F 9.406E+10 | 0.10393 | 10.380
TS9
oo om0
R 1.243E+12 | 0.31491 | 90.885
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Table C.10 The reaction rate constants of pathway 10.

Arrhenius constants

R eaction Direction
A n Ea
T . F 7.010E+12 | 0.31069 | 18.280
10-1 + R —» + R
R 1.317E+12 | 0.23602 | 26.546
752 F 9.051E+14 | -0.30982 | 46.118
10-2 —— |
. R 5.010E+12 | -0.36605 | 20.744
Tie F 7.004E+11 | 0.33509 | 25.433
10-3 | + R —» | + R
. R 1.478E+12 | 0.32234 | 19.883
- F 4.661E+11 | 0.29960 | 17.123
10-4 | + R =5 | + R
. R 2.073E+11 | 0.31290 | 31.692
765 F 4.730E+14 | -0.30610 | 25.850
10-5 m e, @\ B o2
. R 6.124E+12 | -0.30189 | 31.652
S F 1.246E+12 | 0.31506 | 16.851
10-6 ©\+ R TS6, O\ + R
R 1.080E+12 | 0.32187 | 25.612
. 757 F 1.152E+11 | 0.12698 | 13.897
10-7 ©\+ R O\ + R
R 2.844E+12 | 0.30224 | 85.182
— 2 F 5.596E+12 | 0.24484 | 11.765
10-8 @\ N @\ .
R 1.822E+13 | 0.28487 | 46.257
2 _— F 1.691E+11 | 0.07343 | 9.980
10-9 @\ + R — ©\ + R
R 8.630E+11 | 0.28355 | 90.686
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Table C.11 The reaction rate constants of pathway 11.

Arrhenius constants

Reaction Direction
A n E,

From “10-1’ reaction

4.693E+14 | -0.31601 | 42.919

. o X

1.278E+12 | -0.37025 | 22.910

7.389E+14 | -0.29418 | 37.117

- X .
4. ﬁ.@w

(M| ™M

1.079E+12 | -0.30405 | 26.804

To ‘7-5’ reaction

148



Table C.12 The reaction rate constants of pathway 12.

Arrhenius constants

R eaction Direction
A n Ea
o1 . F | 7.190E+11 | 0.20892 | 17.042
12-1 § R 200, + R
R | 1.183E+12 | 032814 | 32487
i o : F | 2.189E+15 | -0.28067 | 42.939
22| ) 2% (1]
R | 1.598E+12 | -0.34842 | 17.932
I — F | 1.291E+15 | -0.30703 | 39.402
12-3 > v 7
. R | 1.599E+13 | -0.32284 | 23.704
TS4 F 6.154E+11 0.32422 24.261
12-4 R et £ Ry
. R | 2057E+12 | 0.32235 | 18.701
rss F | 5616E+11 | 030400 | 16.408
12-5 + Re —» + R
: R | 1.469E+11 | 032753 | 42.124
s F | 5769E+10 | 0.12463 | 17.823
12-6 (/v( + R 158, + R
. R | 5.271E+12 | 0.29789 | 78.665
s F | 2220412 | 0.28517 | 14395
12-7 (I . R TS7, (I + R
R | 4.000E+12 | 0.30761 | 35.229
s s F | 95456410 | 0.12968 | 12.774
12-8<I+R.—>(I+R
R | 1.702E+12 | 0.20818 | 76.737
s F | 41346412 | 021851 | 10374
12-9 (I”q.—- (I+R
. R | 1377413 | 0.28536 | 58378
— F | 8226E+12 | 0.33200 | 32.249
12—1OKI+R—>©<+R-
. R | 49446412 | 0.20000 | 14773
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Table C.13 The reaction rate constants of pathway 13.

Arrhenius constants

Reaction Direction
A n E,
From “12-2’ reaction
o 753 F 5.154E+11 0.32096 | 24.976
R 1.457E+12 | 0.31932 | 19.550
TS4 F 5.245E+11 0.31123 | 18.179
13-4 t R —— + R
s R 3.129E+11 0.33032 | 26.725
(:/Q 7S5 Q/ F 1.260E+15 | -0.28112 | 33.779
13-5 == L
v R 9.701E+11 | -0.29149 | 26.387
To “1-5’ reaction
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Table C.14 Calculated product yields (%) of benzene, toluene, styrene, ethylbenzene,

and xylene as a function of temperature

. Temperature (K)
Species
700 800 900 1000 1100 1200 1300 1400 1500
Benzene (CsHe) 93.73 | 84.18 | 70.81 | 6842 | 7137 | 75.13 | 78.79 | 81.91 | 84.68
Relative Toluene (C7Hsg) 6.25 1581 | 29.17 | 31.47 | 2844 | 24.60 | 2086 | 17.64 | 14.78
yields of | Styrene (CgHg) 0.02 | 0.0004| ~0 ~0 ~0 ~0 ~0 ~0 ~0
products | Ethylbenzene (CgH10) ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0
Xylene (CgH10) ~0 0.0006 |  0.02 0.11 0.19 0.27 0.35 0.45 0.54
Path 3 0.03 0.13 0.41 1.03 2.01 3.33 491 6.70 8.55
Path 5 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0
Benzene
Path 7 0.26 1.12 2.93 5.95 9.07 | 11.52 | 13.10 | 14.10 | 14.69
Path 11 99.71 | 98.75 | 96.66 | 93.02 | 88.92 | 85.15 | 81.99 | 79.20 | 76.76
Contribution Path 1 0.71 9.60 | 20.69 | 31.55 | 39.74 | 47.59 | 5540 | 62.05 | 67.83
of each Path 2 99.29 | 91.40 | 7931 | 6845 | 6026 | 52.41 | 44.60 | 37.95 | 32.17
pathways Toluene Path 10 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0
to the Path 13 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0
products Path 14 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0
Path 4 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0
Styrene
Path 8 100 100 100 100 100 100 100 100 100
Path 6 0.49 0.99 1.45 2.02 2.80 3.94 5.54 7.45 9.58
Ethylbenzene
Path 9 99.51 | 99.01 | 98.55 | 97.98 | 97.20 | 96.06 | 94.46 | 92.55 | 90.42
Xylene Path 12 100 100 100 100 100 100 100 100 100
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