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ABSTRACT

A fraction of the hydrocarbons escaping combustion during flame passage in spark
ignition engines oxidize later in the post flame environment. The level of oxidation is highly
dependent on the fuel type and operating conditions. A one-dimensional numerical model
incorporating detailed chemistry has been formulated to simulate the post flame oxidation
process of unburned hydrocarbons, to investigate the role of oxidation chemistry and transport on
the oxidation processes taking place between a thin layer of unburned hydrocarbons adjacent to
the walls and the surrounding hot burned gas.

Simulations show that the unburned fuel is transported towards the hot burned gases,
where intermediate species are quickly generated. The cold region near the walls acts as a
reservoir that preserves the intermediate species from quick oxidation. Radicals are generated
close to the burned gas during the oxidation process, at much higher concentrations than the
original burned gas radical concentrations, indicating that the radicals in the burned gas do not
have a significant effect on the oxidation level. Flux analysis indicates that the convective term
can be neglected in comparison with diffusive and reactive terms. The production and
consumption of the intermediate species keep their concentrations approximately constant
throughout the reactions.

The extent of oxidation of unburned hydrocarbons is very sensitive to the burned gas
temperature. Simulation results show that the in cylinder process is largely controlled by
diffusion rates for temperatures above 1500 K burmed gas temperatures. Large differences in
oxidation rates are found for different fuels for the same initial conditions of burned gas
temperatures and stoichiometries. The differences can be attributed to the lengths of the reaction
chain, the diffusion of intermediate products towards the walls, which lead to differences in the
generation of hydrogen atoms in the reacting zone.

Approximations were made to represent the oxidation of crevice hydrocarbons by the
one-dimensional model, and integration of the one-dimensional results was conducted to
calculate the hydrocarbon emissions. Calculations indicate that for propane, over 90% of the
crevice outflow of hydrocarbons is completely oxidized before leaving the cylinder, while about
80% for isooctane. Moreover, in comparison with experimental data, the correlation works
reasonably well in spite of the approximations.

Thesis Supervisor: Professor Simone Hochgreb
Associate Professor of Mechanical Engineering
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Chapter 1 Introduction

1.1 Background

Hydrocarbon species emitted from automobiles pollute the environment and are harmful
to human health. Specifically, hydrocarbons (HCs) react with nitrogen oxides, which are also
pollutants from vehicles, to form ozone and, thus, lead to smog by photochemical reactions [1].
Not only does smog limit visibility, but it also has a deleterious effect on human health. In
addition, some of the emitted hydrocarbons have been found to be toxic species*. It is estimated
that cancer caused by toxic air pollutants may result in 1500 to 3000 cancer deaths each year in
the United States, and that more than half of these cancers are caused by automobile emissions
[2]. '

Consequently, government regulations for hydrocarbon emissions from automobiles are
becoming more and more stringent. For instance, California requires that a significant fraction of
new motor vehicles starting in 1997 meet the Ultra Low Emission Vehicle (ULEV) standard of
0.06 grams hydrocarbons per mile [3], which calls for a tremendous reduction from the 0.41
grams per mile permissible under the Clear Air Act Amendment of 1990. Therefore, considerable
effort has been devoted to understanding the mechanisms of transport and the oxidation of
unburned hydrocarbons in spark ignition engines. Even though the current technology of the
catalytic converter can remove most of an engine’s exhaust hydrocarbons, some limitations on
the catalyst’s performance (especially during a cold start at low temperatures) keep researchers

busy in their efforts on investigations of hydrocarbon emissions mechanisms.

1.2 Hydrocarbon emissions mechanisms

Hydrocarbon emissions mechanisms have been studied for over 40 years. However, the
details of the mechanisms are still unclear and quantifying the different hydrocarbon sources
remains a challenge. Qualitatively speaking, a small fraction (< 10%) of fuel inducted into an

engine cylinder escapes combustion in the flame by a variety of means. Part of those unburned

* Benzene, 1,3 butadiene, formaldehyde, and acetaldehyde are toxins as defined by the United States
Environmental Protection Agency (EPA).
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hydrocarbons are then released from these various sources and exhausted along with the burned
gas. During the transport process, the mixing of unburned hydrocarbons and burned gas provides
another chance for hydrocarbons to be oxidized. A fraction of them survive the post flame

oxidation, leave the exhaust system and contribute to pollution in the atmosphere.
1.2.1 Sources of unburned hydrocarbons

Substantial efforts have been devoted to identifying the mechanisms of storage and
release of unburned hydrocarbons, and to quantifying their contributions to total hydrocarbon
emissions. Sources of unburned hydrocarbons include crevices, oil layers, deposits, flame-
quenching layers, liquid fuel, and exhaust valve leakage [4]. Depending on whether air is present
in the source, these can be further divided into two categories : fuel-air and fuel-only sources.

Fuel-air sources consist of crevices, quench layers and exhaust valve leakage. Crevices,
which are identified as the largest unburned hydrocqrbon source, are cold narrow regions near
the walls and connected to the combustion chamber. Fuel, air and residual gas mixture can enter
these regions but the flame cannot because the entrance is smaller than the two-wall quench
distance of hydrocarbon flames. The largest crevice volumes are in the piston-ring-liner crevice
region, but the head gasket, spark plug, and valve seat crevices are also significant [S]. It is
estimated that about 5 percent of the inducted fuel is captured in crevices during combustion.
Wall-quench layers, results of flame-quenching at cylinder surfaces, were originally assumed to
be the main contribution to the emissions, but experiments with combustion bombs [6] and
numerical simulations [7] showed that wall-quench hydrocarbons diffuse quickly into burned gas
and are oxidized, thus contributing very little to unburned hydrocarbons. Poor sealing of exhaust
valves results in additional unburned mixture escaping from the cylinder into the exhaust port.

Fuel-only sources include oil layers, deposits and liquid fuel. Lubricating oil and
deposits, which build up on the intake valves and on the combustion chamber walls of engines
over extended mileage, absorb fuel hydrocarbons in the unburned mixture during intake and
compression strokes and protect hydrocarbons from normal combustion. Up to 2 percent of the
inducted fuel can be absorbed in oil layers or deposits under warmed-up, mid-load, mid-speed
conditions. Finally, about 1 percent of the injected charge remains in the liquid phase either due
to incomplete atomization or by puddling on combustion chamber walls, even under warmed-up
conditions; it escapes oxidation because of the inability of the flame to completely burn the

liquid fuel. The contribution of liquid fuel to unburned hydrocarbon emission is much larger
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during the engine warm-up process, when large amounts of fuel are injected, and during which

poor vaporization occurs.
1.2.2 Post flame oxidation

Generally speaking, the extent of oxidation of unburned hydrocarbons depends on the
operating conditions and the type of fuel. More specifically, the types (fuel-air or fuel only) and
locations of sources, the timing of hydrocarbon emergence into the bumed gases and the
residence time of unburned hydrocarbons, as well as oxidation chemistry, affect post flame
oxidation. Due to the complex nature of the process, and the difficulty in conducting
experimental measurements and numerical simulations, only very limited research has been
devoted to the assessment of post-flame oxidation. Consequently, many details about the process
remain unclear.

Post flame oxidation take places both within the cylinder and, a lesser extent, in the
exhaust port. Hydrocarbons emerging from the various sources are partially oxidized while still
in the cylinder. A fraction of the remaining hydrocarbon is retained in the cylinder through the
next cycle, whereas the remainder leaves the cylinder with the burned gases and continues to
react in the exhaust port.

Several experimental and modeling studies have addressed the extent of oxidation in the
exhaust port. In experiments involving quenching of exhaust gas using carbon dioxide gas
injection at the exhaust valve plane and runner [8,9], it is found that, at mid-speed and mid-load
conditions, around 30 to 40 percent of exhaust hydrocarbons from the engine are oxidized within
the exhaust port; and a further 5 to 10 percent in the exhaust manifold. The extent of reaction
was found to be surprisingly insensitive to the reactivity of parent fuels used in the test. In
addition, it was observed that the ratio of fuel to non-fuel species decreases as the exhaust gas
moves downstream of the exhaust system, indicating partial oxidation. Since the flow pattern of
the exhaust system is relatively simple, a numerical model for exhaust port oxidation was
created, using detailed chemical kinetics for several fuels, to explore the results of different
simplified models for flow, including perfectly mixed and stratified mixture models [10].
Comparisons between model and experimental results show that, even if mixing in the exhaust
port is fast enough for creating a homogeneous mixture downstream of the exhaust port, the
concentration of partial combustion products cannot be adequately reproduced with
homogeneous mixing models, such as a plug flow or perfect mixing models. The fact that the

calculation results yield closer agreement with experiments when the effects of the non-
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uniformity of hydrocarbons concentrations and temperature are taken into account implies that
most exhaust port oxidation (which probably happens at locations near the exhaust valve) may
occur under non-uniform situations. Spatially resolved measurements [11,12] near exhaust valves
support the assumption of concentration non-uniformity.

Due to difficulties in carrying out in-cylinder measurements, as well as in quantifying the
magnitude of sources, the extent of in-cylinder retention, there have been only limited, indirect
experiments carried out to determine the extent of post-flame oxidation inside cylinders. Engine-
out speciated concentrations measured for a group of simple fuels [8,9,13,14,15,16] showed the
occurrence of partial oxidation inside the engine and the effects of the type of fuel on emission
levels.

Crevices [17] and oil layers [18] have been isolated as sources of unburned hydrocarbons
in experiments to investigate on the extent of oxidation. These experiments have suggested that
about 40 to 90 percent of the total hydrocarbons escaping the main combustion event oxidize in
the post-flame environment. One-dimensional models using one-step chemistry were built to
examine the process of oxidation, showing reasonable correlation with the experimental data
[17]. Computational fluid dynamics (CFD) calculations on the post flame oxidation of
hydrocarbons emerging from piston/liner crevices have also been carried out [19,20,21,22].
These simulations suggest that most of the hydrocarbons leaving the crevices are oxidized very
quickly during the expansion stroke and that more than 80 percent of the emerging hydrocarbons
are oxidized. An important shortcoming of most of these models is the use of one-step chemistry,
such that those studies cannot provide any insight into the partial oxidation process and the
production of non-fuel hydrocarbons. Although two CFD simulations have used multi-step
chemistry [21,22], the computing effort is so large that only very limited discussions and
sensitivity analysis on the process have been reported. Whereas one-step chemistry can in some
cases capture the overall of the hydrocarbons, it clearly cannot capture the production of non-fuel
species inside the cylinder. Furthermore, most one-step chemical models are adopted from
laminar flame models, which may be significantly different from the actual hydrocarbon
oxidation process, in as much as the reaction rate and heat release rate are decoupled in the latter.

At the other extreme of the computational spectrum, zero-dimensional detailed chemistry
models have been used to simulate reactions during the expansion process, showing that the
calculated products of reaction correlate with species concentration measured at engine-out
[23,24,25]. Finally, two previous studies have addressed the problem of in-cylinder quench-layer

oxidation using one-dimensional detailed chemistry models in the cases of methane, methanol
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[71, and propane [26] under constant pressure and constant burned gas temperature conditions.
The latter results showed additional details on the structure of the reactive layers, and
demonstrated how those hydrocarbons quickly diffuse into the burned gas and completely
oxidize, resulting in minor contributions to emissions levels from quench layers. However, those
studies focused on the oxidation processes occurring at high temperatures and constant pressure
conditions, which can give very different results from those obtained at late stages of the
expansion and exhaust strokes, when temperatures are a few hundred degrees lower due to heat
loss and expansion. Clearly, many details on the post flame oxidation process of unburned

hydrocarbons need to be explored.

1.3 Objectives

The objective of this work is to develop and use a numerical model to carefully examine
the physical and chemical processes expected to take place at the interface of the thin mixing
layer between burned gas and unburned gases, and to conduct sensitivity analysis for parameters
which may possibly affect oxidation. Specifically, we would like to provide plausible answers to
the following questions:

a) How do unburned hydrocarbons placed adjacently to hot burned gases in the post-flame
environment oxidize?
b) How are intermediate products formed and destroyed?
c¢) How does the species distribution near the wall evolve during the oxidation process?
d) What is the impact of the burned gas temperature, and initial burned gas radical
concentration on hydrocarbon oxidation?
e) What are the roles of convective and diffusive transport and chemical kinetics in the
oxidation process?
f) How do the following parameters affect the process and the oxidation level of total
hydrocarbons? Why?
1. fuel type
2. initial width of hydrocarbon layer
3. wall temperature
4. fuel/air equivalence ratio

The following chapters address these questions in extensive detail.
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Chapter 2 Methodology

In order to investigate the details of the processes which govern the oxidation of
unburned hydrocarbons, a model that can capture the essential features of physics and chemical
reactions must be built. A CFD simulation with detailed engine geometry coupled with a full
chemical kinetic scheme is ideal for this task. However, such calculations are still very
computing time intensive. For instance, Hellstrom et al. [22], performed a full scale simulation,
including complex geometry and detailed chemistry, which took about one CPU month on a
workstation. Accordingly, sensitivity studies for various parameters affecting the oxidation using
such CPU-intensive simulations are limited, and a thorough investigation becomes very difficult.
Therefore, finding methods to simplify the model in order to make the computational time
acceptable without losing the important characteristics of the processes is one of the major
challenges in this projects. Since a detailed description of the chemical kinetics of hydrocarbon
oxidation is necessary for analyzing the formation/destruction processes of partial oxidation
products, a simplification of physical conditions inside the cylinder at expansion and exhaust

strokes is needed.

2.1 Experimental observations of the post-flame oxidation process

The post-flame oxidation of unburned hydrocarbon emissions in a spark ignition engine
is a complicated process involving the transport of unreacted fuel-air mixture from sources into
the burned gases, and its subsequent reaction. Measured concentrations and temperatures near
the cylinder walls indicate steep gradients in both variables in the direction from the engine
surfaces to the burned gas [11,27]. This clearly indicates that homogeneous zero-dimensional
chemical reaction models are not suitable to address this process. CFD simulations [19,20,21,22]
also support those observations: simulations show that hydrocarbons emerging from piston top-
land crevices are confined within a layer adjacent to the walls, where temperatures are low
enough to suppress oxidation reactions, and that the iso-contour lines of temperature and
concentration of hydrocarbons are approximately parallel to the engine wall surfaces.
Accordingly, most species and heat diffusion occurs along the direction of steepest gradients
perpendicular to the walls. Further, since the engine bore is much larger than a typical unburned

hydrocarbon mixture layer, the diffusive-reactive process can be approximately treated as a
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planar, one-dimensional configuration during expansion process. Therefore, a one-dimensional
model is appropriate to describe the process governing post-flame oxidation near the walls of the
cylinder, except for the corner regions. Flow processes taking place in the engine piston/liner
corner area are multi-dimensional, particularly after bottom-dead-center, when remaining
unreacted hydrocarbons adjacent to the wall are scraped up into a vortex by the moving piston
towards the exhaust valve [28]. However, the essential features of the reacting zone along a steep
gradient are still maintained. Once the reactive-diffusive process is better understood, a
simplification of the chemical mechanisms can be done for use in more complex flow
configurations. With these considerations in mind, the oxidation process was simplified as a one-

dimensional problem.

2.2 One-dimensional model formulation

The system to be considered consists of a thin layer of unbumed air-fuel mixture,
adjacent to an impermeable wall maintained at a specified temperature on one side, and to post
flame combustion burned gas on the other. The system is representative of hydrocarbons
emerging from different hydrocarbon sources and forming a thin layer within low-temperature
regions during the expansion and exhaust processes. A piston top-land crevice is chosen as the
hypothetical source for purposes of simplification, since crevices are the biggest contributors to
hydrocarbon emissions; the composition of the mixture within the layer will therefore be
assumed to be that of unburned fuel-air mixture. The assumed configuration is depicted in Figure
2.1. Conditions in the burned gas are governed by the adiabatic expansion of the gases, subject to
the pressure history of the expansion process, in order to mimic the engine-like post flame
thermodynamic environment. An initially unreacted layer of hydrocarbon-air mixture along the

cylinder liner is allowed to diffuse and react during the expansion and exhaust processes.

2.2.1 Numerical model

A transient, one-dimensional, reactive-diffusive model has been formulated for
simulating the oxidation processes taking place in the reactive layer between the hot, burned
gases and the cold, unreacted air/fuel mixture. All the transport of species and heat is assumed to
occur in the radial direction (here converted into the planar coordinate x). The gradients of

concentrations of species and temperature are assumed to be negligible in the axial direction ().
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In addition, the Dufour effect, by which a heat flux is caused by concentration gradients, and the
Soret effect, by which species diffusion can result from thermal gradients, are neglected [29]. All
species are assumed to behave as ideal gases. The resulting mass, energy and species
conservation equations, coupled with the ideal gas law, are solved for the entire process, using a

detailed chemical kinetic scheme. The governing equations are shown as follows,
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The main concentration and temperature gradients occur in the radial direction (x).
However, the axial expansion of the gases caused by the pressure drop and piston movement

does offer a non-negligible term to the continuity equation, which must included in the model.

dpv
The term A(x,y) = i2id in the mass conservation equation accounts for the volumetric

dy

expansion effect due to the downward movement of the piston. Here it is assumed that the axial

expansion velocity v is proportional to the piston velocity, and that it varies linearly from the

v
cylinder head (zero) to the piston speed (S,). Using this assumption, the term L can be

oy

transformed as into %—aa% as follows,

P w_ ISP s, pa

- _ e _POo% i
y PHu=P 5 ay P T L )

where L is defined as the instantaneous distance between the head and the piston (assume

the cylinder head is flat) in order to calculate the instantaneous percentage increase in the
. . ) 10l .

cylinder volume due to the axial expansion (——). It can be calculated from a known engine

Lot

geometry.
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A co-ordinate transform (see Appendix 1) is carried out to eliminate the convection term
in the species and energy equations such that one variable (v) and one equation (mass
conservation) are removed from the original governing equations which are now expressed as the
mass integrated spatial coordinate 77 and time 7. The resulting equations after transformation are

follows:

24 pL_a_DpL«?K-

Zi_ - Ty =0 2-6
P o " by, an P oDy, o)~ @0
=d ., 9 (pL) 9 (pL) JT, _

PC, 35 * LM =50~ oDy an oDy, o = @

Consequently, n+2 dependent variables (the mass fraction of species (Y; , i =1, n),
temperature (7), and mass density (p)) are solved for, with respect to two independent variables
(7 and 1), from n species conservation equations, the energy conservation equation and the ideal

gas law. The pressure p and distance L are prescribed as inputs to drive the simulations. All
species reaction rates (@) and physical properties (W, A, C—p, k, and D;) are calculated as

function of the dependent and independent variables (see discussion in section 2.3). Basically,

the dependencies of these species reaction rates and physical properties on the variables are as

follows,
@, =f¥,T,p) (2-8)
W= f(X) 29)
h = f(T) (2-10)
C,=f(D @2-11)
k=f(,T,p) (2-12)
D,=D,(Y,T,P)+D,(v,m) = f(X,,T,p,7,n) (2-14)

A time-adaptive PDE solver was adopted from the NAG numerical library [30], which
uses finite differences for the spatial discretization; the method of lines is employed to reduce the
PDEs to a system of ODEs; and the resulting stiff ordinary equations are solved using a

Backward Differentiation Formula (BDF) method. A fixed mesh was used in the current
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computations, with the densest mesh around the initial interface between burned gas and
hydrocarbon layers, as explained in detail in a subsequent section. The width between mesh
points grows at a rate of 5 percent per point towards both ends (Fig. 2.2) in order to save

computational time.
2.2.2 Initial and boundary conditions

One of the purposes of this study is to examine the effect of the pressure, temperature,
and composition of the burned gases on the oxidation process. Since the thermodynamic
environment inside an engine changes drastically during the expansion process, the unburned
hydrocarbons emerging from the sources at different times face a very different environment.
Accordingly, simulations must be carried out at different initial conditions corresponding to
segments leaving the cold crevices at different times during the cycle to explore this effect. The
baseline operating condition for the burned gas thermodynamic simulation was chosen as 1500
rpm, maximum brake torque spark timing, 3.75 bar IMEP and 361 K coolant temperature. This
mid-load, mid-speed operating condition has been chosen based on experimental conditions with
which current simulation results are to be compared. The temperature and pressure histories are
obtained from a separate engine simulation program developed at MIT by Poulos and Heywood
[31,32]. Seven different conditions were chosen, as shown in Table 1, to bracket the range of
temperatures at which most hydrocarbons are oxidized survive, down to the temperature region
where very little oxidation takes place.

The initial conditions consist of a near-step function in both temperature and species
composition. Initial conditions within the cold hydrocarbon layer are set as the wall temperature
and unburned fuel-air mixture composition; the burned gas temperature and composition of the
post flame combustion gas are specified for the region outside the thin hydrocarbon layer. In the
transition zone, the temperature is linearly interpolated between the temperature of the hot and
the cold gases. The species composition, which is known to vary non-linearly with temperature,
is assumed to be the same as that of the unburned gas at temperatures below 800 K, or is

assigned to be the burned gas composition. The base width of the cold hydrocarbon layer (8, )

is assumed to be 0.1 mm, which is of the order of magnitude of the piston/liner crevice gap in
spark ignition engines. The entire domain is about 200 times larger than the base width of the
cold layer, to ensure that the burned gas acts as an energy and radical reservoir during the whole

process. The thickness of the transition zone (6 ) is chosen to be about 0.02 mm in the current

calculations. As a result of the diffusive smoothing, the sensitivity of the calculated results to the
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initial specifications of the transition zone has been conducted. The study shows that the effects
are not significant (will be shown in detail in section 3.1.4), unless the transition zone is the
order of one millimeter, thus acting as a thermal boundary layer to protect unburned
hydrocarbons from being oxidized.

Since the burned gas composition is assumed to be homogeneous in space at the start of
the simulation, a zero-dimensional model was adopted to calculate its composition. This
calculation is made by assuming that the gas reaches chemical equilibrium at the peak pressure of
the engine cycle, and then undergoes kinetically controlled changes in composition as the
pressure and temperature decrease. The STANJAN program [33] was used to calculate the
equilibrium composition of the mixture at a given peak pressure and temperature. A modified
SENKIN program, which employs the CHEMKIN gas chemistry library [34], was then adopted
to drive the non-equilibrium burned gas kinetics with the prescribed pressure and temperature
histories for the results of the concentrations of species as a function of time.

For the current model, a fixed wall température and zero flux of species at the
impermeable wall are specified on the cold layer side as boundary conditions. Zero flux
conditions are also specified for all variables at the hot boundai'y, assuming a homogeneous

burned gas composition.
2.3 Sub-models

Several sub-models must be incorporated into the numerical model to provide all the
values of physical properties of mixture, molecular and turbulent transport coefficients, and

chemical reaction rates. These are discussed below.
2.3.1 Physical properties

All physical properties used in the simulations, such as the mixture-averaged specific

heat C,, enthalpy hj, and mean molecular weight W, are calculated based on the

thermodynamic data for each species from the Sandia thermodynamic data base [35]. The overall
transport coefficient for mass or energy diffusion is assumed to be the sum of molecular and
turbulent coefficients. The mixture molecular thermal conductivity k, and molecular diffusion
coefficients D;,, were obtained from the Sandia transport package [36). A simplified treatment of

turbulent mixing is made by assuming turbulent transport coefficients calculated from a
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simplified k-€ model with homogeneous decaying turbulence and assumption of unity turbulent

Schmidt number [37], as explained in detail in the next section.
2.3.2 Turbulence model

Although numerous in-cylinder measurements of turbulence have been made in engines,
there is very little information on the flow and turbulence characteristics near the wall after
flame passage. Post-flame, near-wall boundary layer velocity measurements [38], thermal
boundary layer temperature measurements [27], and recent fluorescence imaging of unburned
hydrocarbons escaping the upper ring-land crevice [39], suggest that at the region near the walls
(the range being in the order of millimeter) small scale turbulence near the wall is not dominant.
The high molecular viscosity and diffusivity in the hot post flame environment suppresses the
turbulence production and increases molecular diffusion, thereby making relative contributions
of molecular and turbulent diffusion comparable in magnitude. Given the lack of experimental
data on the structure of turbulence in the post-flame environment near the walls, a simplified
turbulence model was created for estimating the turbulent diffusion coefficient in order to
quantitatively test the transport effect on the oxidation process.

The model is based on the concept of eddy diffusivity, which assumes that the transport

coefficient is proportional to the turbulent intensity and an integral length scale:
o, =c#s/7c-l (2-15)

where €, is a proportionality constant of value ¢, = 0.09 (obtained for flat plate

boundary layer) [40]
The turbulent kinetic energy k is related to the turbulent intensity ' by the assumption of

isotropic turbulence:
3
k=) (2-16)

Experimental measurements suggest that the turbulent intensity decreases very gradually
within the boundary layer as the wall is approached [38]. In this study, we adopt the

approximation that the turbulent kinetic energy is uniform throughout the boundary layer. In
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addition, since the region of interest is very close to the wall, it is reasonable to assume that the
integral length scale ¢ is represented by the distance x away from the wall throughout the

boundary layer region, asymptoting to the core integral length scale /., assumed to be 3 mm

[43,44], according to:
4 x/l,
- = 2-17
L, 1+x/£, 217

Since the bulk turbulent intensity decays rapidly after combustion [38,44,46,47], the
decay of turbulent kinetic energy after combustion was modeled by integrating the k-£ equations

by assuming that no turbulence is produced and that turbulence is isotropic :

k
% - ¢ A (2-18)
de  C,€°
—=-Ta (2-19)
=)
== (14(Cqy=1)) ™! (2-20)
o o
where
T, = —2 2-21)

The constant C e (1.9) was determined from a fit to measurements of decaying

turbulence [41]. The time origin was chosen from experimental data to a point (15 CAD after
TDC) when the turbulence level begins to decay [38,42]. The initial length scale was taken as 3
mm based on experimental measurements [43,44] and the initial kinetic energy was calculated

assuming the following correlation between the turbulent intensity and mean piston speed [45],.

ko =

Nw

(u' =215, 1 (2-22)
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A value of 0.75 was selected for the constant y, again based on a fit to experimental
values of uo' [38,42]. Using the constants described, the decay in turbulent kinetic energy then

shows good agreement with experimental data in the range and conditions where measurements
were made [46,47].

Figure 2.3 illustrates the predicted values of local turbulent diffusivity and molecular
thermal diffusivity in the case of initial core temperature of 1500 K. Since local molecular
diffusivity increases drastically about an order of magnitude from the wall regions (temperatures
are around 400 K) to the burned gas zone (temperatures are above 1400 K), the molecular
diffusivity remains larger than the turbulent diffusivity till the distance of 1 mm away from the
wall is approached. The model predicts molecular diffusivity dominates within the distance of
0.1 mm, while the turbulent diffusivity dominates at the regions an order of magnitude of
centimeter away from the wall. The transition regions are within the orders of magnitude of 0.1
mm to 1 mm away from the wall. _

Examination of the experimental data shows that the effect of large scale motions such as
swirl and tumble on the turbulence intensity is positive during the expansion cycle [38,44,46] so
that turbulent transport is expected to increase. Near-wall temperature measurements show very
similar profiles between low and high swirl cases, suggesting that swirl probably has only a small
impact on energy diffusion. It is possible that tumble motion might increase species diffusion
from the wall into post-flame gases, but these factors are beyond the scope of this study. In order
to study the role of transport on the oxidation process, it seems reasonable to consider a range of
turbulent intensities within acceptable limits for the analysis. Experimental data suggest that a
factor of two increase in turbulent intensity is a reasonable extreme to account for the effect of

swirl and tumble on turbulent transport.
2.3.3 Chemical kinetic models

In order to capture the important features of the processes taking place within the
reactive layer, especially the formation and destruction of partial combustion products, detailed
chemical reaction mechanisms are used. These mechanisms provide a description of the
elementary reaction steps occurring during the conversion of the fuel and oxidizer to the final
products. In reality, all detailed mechanisms are approximations based on available experimental
results at relatively narrow experimental conditions. In this study we adopt mechanisms which

have been tested and validated for the widest available range of conditions
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Propane is chosen as the reference fuel, since it is the simplest alkane which produces an
appreciable amount of intermediate products, as is the case with more complex hydrocarbons.
The model for propane oxidation has been tested for years against a wealth of experimental data,
so that a reasonably high accuracy of model predictions can be expected. A chemical kinetic
scheme consisting of 227 elementary reactions among 48 species for propane oxidation [48] (see
Appendix 2.1), which was validated under jet-stirred reactor, shock tube, and laminar flame
experiments for wide temperature, pressure, and fuel/oxygen ratio ranges, was used to investigate
details of the oxidation process of hydrocarbon species.

Isooctane was chosen as the next most complex compound, since it is also a major
component in real gasoline. A reaction mechanism previously validated by comparison with
turbulent flow reactor and laminar flame experiments was adopted for isooctane oxidation [49]
(see Appendix 2.2), containing 455 reactions and 68 species. However, due to the narrow range
of validation from few available experiments, the simulation results should be interpreted with
caution. .

In order to compare the role of chemistry and heat release, ethane and ethene were used
as species with similar diffusivity. The ethane oxidation mechanism [50] (see Appendix 2.3), is a
sub-mechanism of propane oxidation.

The detailed kinetic reaction mechanisms are summarized in Appendix 2, in which the
forward reaction rate coefficients are given for the conventional modified Arrhenius form. The
reverse reaction rate coefficients are computed from the forward rates and the appropriate
equilibrium constants, which are calculated from the Sandia thermodynamic database [35],
unless indicated. Due to the lack of accurate thermochemical properties of large species in the
isooctane mechanism, both forward and reverse reactions are explicitly listed and calculated

independently.
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Table 2.1. Initial conditions for simulations”

T.. (K) P (bar) 8 ()"
2000 8.0 405
1800 52 420
1600 3.2 445
1500 2.4 460
1400 1.8 485
1300 1.5 505

*1500 rpm, MBT spark timing, 3.75 bar IMEP, 361 K coolant temperature
"Degrees from top dead center (TDC) of intake (8, = 0°). TDC of is 6, = 360°

Cylinder head

l y (axial)

liner ;[ i X (radial)

.........................

D T T
c

Piston
\ A

Figure 2-1 Schematic layout for the simulation
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Figure 2-2 Mesh distribution for the simulation.
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Figure 2-3 Spatial molecular diffusivity and turbulent diffusivity profiles at the start of reaction (solid line),

and 25 crank angle degrees after start of reaction (dashed line) (fuel : propane, initial core temperature :
1500 K)
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Chapter 3 The Reactive/Diffusive Process

Simulation results for post flame oxidation processes of unburned hydrocarbons are
presented and discussed in detail in this chapter. The general features of the evolution of the
reactive/diffusive process and the flux analysis of the contributions of chemical reactions and
transport (diffusion and convection) to the time-evolving spatial concentration profiles of
species, and the effects of the initial conditions are discussed first. The evolution of the spatially-
integrated concentrations of each species through the whole computational domain is also
examined. The effects of the specifications of the transition zone (the size and the temperature
profile) and initial conditions on the resulting extent of oxidation and fuel/non-fuel distribution
are then discussed. Finally, the roles of chemical kinetics and transport and their respective
sensitivities are identified. Propane was used as a reference case to illustrate all the details; the
mechanisms for isooctane, ethane, and ethylene were used for the purpose of comparison to

examine the effects of reactant chemistry.

3.1 Reference model : propane

Due to the drastic changes of the thermal environment inside engines during the
expansion stroke, hydrocarbons emerging from sources at different times may have distinct fates
in the post flame oxidation process. Figure 3.1 shows the predicted burned gas temperature and
pressure histories during the expansion process for the baseline operating condition. The core
temperature of combustion products decreases from 2000 K at 405 crank angle degrees (360
crank angle degrees is top dead center of the compression stroke) to around 1200 K at bottom
dead center of the expansion stroke (540 crank angle degrees). For the purpose of illustrating the
general features and the details of simulated post flame diffusive-reactive process of unburned
hydrocarbons, a case initiated at core gas temperature of 1500 K is chosen for the detailed

examination of partial oxidation.

3.1.1 Features of the evolution of diffusive-reactive processes

Figure 3.2 shows the calculated spatial temperature profile for a case initiated at the
burned gas temperature of 1500 K, corresponding to 460 crank angle degrees for the baseline

engine operating condition. The fact that the temperature profiles are almost identical with those
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of a non-reactive case suggests that the rate of energy release due to oxidation is much less than
the rate of total energy loss to the wall and the expansion work. Consequently, the thermal
boundary layer continues to grow as the result of heat loss to the wall. The core temperature
continues to decrease during the expansion process due to the pressure decrease by the
downward piston movement. Therefore, it would be expected that the overall oxidation should
slow down due to the decreasing temperature of the entire thermodynamic environment.

Figure 3.3 shows the corresponding time-evolving profiles of propane. The fuel diffuses
into the hot reaction zone, which moves outwards as peak temperatures move into the burned gas
region. A molar fraction of the order of a few thousands ppmC1 of fuel species (compared to
about 110,000 ppmCl1 initially) is found to remain near the wall at the end of the exhaust
process. Figures 3.4 and 3.5 depict time-evolving spatial distributions of ethylene, which is a
major intermediate species and represents the behavior of similar stable partial combustion
products, and carbon monoxide. Partial combustion products are produced quickly (in less than 1
millisecond) after the initial time, and the spatial peak concentrations of intermediate species
continue to grow and move outwards. At a certain point, the peak value of the concentration
starts to decrease, as the production rate cannot keep up with the diffusion rate, due to the limited
supply of ‘upstream’ hydrocarbons and decreasing core temperatures. In contrast with the fuel
species, the concentrations of intermediate hydrocarbons increase near the wall due to the
diffusion of species from the reaction zone. Since the temperatures close to the wall are low
enough to prevent the conversion of stable partial combustion products, the region near the wall
acts as a buffer, accumulating and preserving these influx species, and releasing them as a source
of hydrocarbons only when the concentration gradients of the species at the wall become
negative. In this particular case (Figure 3.4), at the end of exhaust stroke, the remaining
concentrations of ethylene and carbon monoxide at the wall region are a few thousand ppmC1.
Therefore, this buffer mechanism provided by the cold region near the walls is found to be the
main reason for the survival of partial oxidation products.

Figure 3.6 shows the evolution of spatial distributions of hydroxyl (OH), whose
concentration level is the highest among the radicals at lean and stoichiometric conditions. The
results indicate that oxidation of hydrocarbons in the reactive layer generates radicals at levels
above those in the burned gas. The level of radical concentration in the burned gas decreases as
time evolves due to recombination. Hydroxyl is also depleted in the cold regions near the wall

because of recombination between radicals at these low temperatures. As the boundary layer

32



grows, the cold regions with low radical concentration of hydroxyl broaden and the peak
concentration of hydroxyl moves away from the wall.

This self-generated radical pool offers much higher concentrations than the original
burned gas radical concentrations. This implies that the abundant radicals in the burned gas do
not have a significant effect on the oxidation level of unburned hydrocarbons, except during
reaction initiation. In order to further investigate the role of the burned gas radicals on the post
flame oxidation, a comparison was made between a calculation using equilibrium burned gas
composition at a core temperature of 1500 K (which has an order of magnitude somewhat lower
in radical concentrations than those in the non-equilibrium combustion products) and the case
starting from non-equilibrium. The differences in the oxidation level and spatial concentration
species profiles are trivial. Figure 3.7 shows an example of the small difference in time-evolving

hydroxyl concentration profiles between two cases.
3.1.2 Flux analysis

In order to understand the influence of diffusion and chemical rates on the overall
oxidation of species, an extensive analysis is made of the local contribution of diffusion,
convection and reaction to the net local rate of change of species concentration. Figure 3.8
illustrates details of spatial species molar fraction concentrations at 25 crank angle degrees (2.75
milliseconds) after reaction start for an initial core temperature of 1500 K.

Figures 3.9-3.12 show the contribution of the diffusion, convection and reaction terms to
the net species change at a particular location, at a time corresponding to the species profiles in

Figures 3.3-3.6, for propane, ethylene, carbon monoxide, and hydroxyl, respectively. Clearly, the

. aY, . . ot tep s .
convective term ( py ——) can be neglected in comparison with diffusive and reactive terms.

ox
The diffusive term is proportional to the curvature of the concentration profiles, and therefore
peaks at the concentration peaks and crosses zero at the inflection point. At this point in time (the
corresponding core temperature is 1400 K), peak propane diffusion rates are only slightly larger
in magnitude than reaction rates, so that the overall fuel conversion is limited by reaction rate.
The integrated net rate of fuel change is negative, so that integrated fuel concentration decreases
over time. Ethylene (Figure 3.10) production peaks around the same location as propane
destruction, whereas destruction takes place a little further into the high temperature zone. The
spatially integrated mass production rate is positive but small (as will be shown in the next

section), with the net effect that the total concentration changes little over time. Positive
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diffusion towards the cold wall continues at later times, preventing the unburned intermediate
hydrocarbons from reacting.

Carbon monoxide (Figure 3.11) is produced at peak rates where ethylene destruction
peaks, but little carbon monoxide oxidation takes place in the high temperature zone, resulting in
a net increase in the overall concentration of carbon monoxide. However, it is noticed that, due to
the accumulation of carbon monoxide, the oxidation rate of carbon monoxide in the high
temperature zone will keep up with the production rate in the low temperature region at later
times, such that spatially integrated mass of carbon monoxide remains approximately constant.

Hydroxyl radical production peaks towards high temperature zone, diffusing into the low
temperature zone to react with carbon monoxide and hydrocarbon species. The peak value of
hydroxyl diffusion rate is slightly higher than that of the production rate, so that the net

concentration of hydroxyl decreases locally at this time.
3.1.3 Spatially integrated species concentrations

The evolution of overall hydrocarbons can be calculated by integrating the hydrocarbon
concentrations over the whole computation domain. The total number of moles of each species

remaining per unit cross section of reactive layer was obtained by integration over the spatial

layer as a function of time (or crank angle degree 6):

p
L v 3-1
RTX‘ dx (3-1)

n, =

© Sy §

The amount of total hydrocarbons was calculated by summing over the total moles of fuel and

non-fuel species weighted by their carbon numbers:

Nyc = Z (J‘R’;TX,.C,. dx) (3-2)
i 0

The integrated surviving fraction of the species, and, more generally, of total hydrocarbons

originally in the layer, is calculated using:
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Figure 3.13 illustrates the rate of overall unburned fuel species conversion into non-fuel
species and carbon monoxide as time proceeds in the case of an initial temperature of 1500 K.
The simulation shows that non-fuel species and carbon monoxide are produced quickly during an
initial period, then maintain an almost constant level, while the amount of fuel continues to
decrease. This is because the consumption and production of intermediate species is
approximately balanced in the reactive-diffusive process (as shown in previous section) in the
case of initial core temperature of 1500 K. As a result, the fuel/non-fuel ratio decreases as time

proceeds.
3.1.4 Effect of the initial specification of the transition zone

Figure 3.14 shows the impact of choosing a different initial temperature profile (case (b))
from original linear temperature profile (case(a)) in the transition zone, and initial transition zone
thickness (&) of 0.1 mm and 1 mm away from the wall on the overall calculated extent of
oxidation and the fuel and non-fuel species distribution. The temperature profile (case (b)),
which is fitted from the temperature measurements in the thermal boundary layer on an engine

head [51], in the transition zone is defined as:

T(z)=T, +(T,-T,)(z/6)°% (3-5)

Simulations show that, whereas the effect of the transition temperature is not particularly
dramatic, large changes in the initial transition zone thickness (&) decrease the extent of
oxidation. The impact becomes significant as the transition zone increases to the order of one
millimeter in the case of initial core temperature of 1500 K, whereas the influence is little in the
case of initial core temperature of 1300 K. In addition, it is noticed that the level of non-fuel
species concentration is little influenced by the specification of transition zone, while the

resulting concentration of the reactant fuel is more sensitive to the size of the transition zone.
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3.1.5 Effect of initial burned gas temperature

The evolution of the surviving overall hydrocarbon concentration is shown in Figure
3.15 for various starting times and corresponding core gas temperatures. Each curve represents
the surviving fraction of initial total hydrocarbons released at different times during the
expansion cycle, demonstrating the critical role of core gas temperatures in the reactive-diffusive
process. None of the hydrocarbons released from top-land crevices at core gas temperatures
above 1800 K survives post-flame oxidation after the exhaust valves open (at 485 crank angle
degrees) in the case of propane, whereas most of the material released at temperatures below
1300 K remains largely unreacted. In general, an inflection point in the rate of oxidation is
observed at a core temperature around 1300 K, below which the reaction is practically “frozen”
for residence times of the order of tens of milliseconds. Moreover, flux analysis indicates that
peak propane diffusion rates start to exceed reaction rates while core temperatures drop below
about 1500 K, so that the overall fuel conversion is limited by reaction.

The evolution of spatial temperature distributions for the case initiated at 1800 K burned
gas temperature is illustrated in Figure 3.16. Because of the high rates of reaction at the high
initial temperatures, a considerable amount of energy is released, which compensates for the
energy loss to the wall, so that the temperatures in the reactive layer are raised above the burned
gas temperatures within a very short period (about 0.5 milliseconds). This stimulates reactions in
the hydrocarbon-rich region, so that complete oxidation of hydrocarbons is achieved very
quickly. Figures 3.17-3.19 depict the time evolving spatial distributions of propane, ethylene, and
carbon monoxide, respectively. Results show that the entire conversion process, in which
propane decomposes into intermediate products (such as ethylene), then carbon monoxide, then
into final products, is finished within about 20 crank angle degrees (about 2.2 milliseconds). In
comparison with the case initiated at 1500 K, it is noticed that the effect of heat release actually
narrows the reaction zone. Consequently, the high diffusion rate due to sharp gradients of
hydrocarbon concentration, combined with a high conversion rate due to the high core
temperatures, speeds up the process.

Figure 3.21 illustrates the temperature profiles for the starting temperature of 1300 K,
and Figure 3.22 depicts the corresponding time-evolving profiles for the fuel. Results show that
at a lower temperature, the fuel diffuses much farther within the same time period compared to
high temperature cases due to a slow reaction rate. In addition, a slightly different pattern of the
evolution of intermediate products is observed (Figures 3.23-3.24). Peak values of intermediate

species continue to grow in the reaction zone, which moves away from the wall. The region
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adjacent to the wall accumulates the influx partial combustion products throughout the period
considered, so that the gradients never shift towards the hot region. Figure 3.25 shows no
significant hydroxyl generation until much later in the oxidation process, due to the slow reaction
caused by low temperatures. Clearly, the role of radicals in the burned gas is much more relevant
in the case of low initial core temperature. Figure 3.26 shows the comparisons of the effect of the
concentrations of radicals in the burned gas (equilibrium vs. non-equilibrium) on the extent of
oxidation of hydrocarbons between the cases of initial core temperatures of 1500 and 1300 K.
Results indicate the radical concentrations in the burned gas has more effect on the oxidation
level in the case of 1300 K. However, due to the low extent of oxidation in the cases of low core
temperatures (less than 10%), the effect of radical concentrations on the post flame oxidation is
limited.

The initial temperature effect on the oxidation level of total hydrocarbons and the
distribution of fuel and non-fuel species is illustrated in Figure 3.27. The mechanism which
balances the consumption and production of intermediate products keeps the levels of
intermediate hydrocarbons within about 10-15% of the mass of the initial total hydrocarbons in
the cases of intermediate core temperatures (1400-1500 K). More fuel reactants remain intact in
the cases of low initial core temperatures, so that the ratio of fuel to non-fuel is higher for

reactions initiating at low core gas temperatures.
3.2 Effect of diffusion

The overall rate of oxidation in a reactive-diffusive process depends on the slowest of the
diffusion and reaction rates. If chemical rates are fast, increasing diffusion rates lead to faster
overall oxidation; if, however, rates of oxidation are low, increased diffusion rates will have a
much smaller impact, as the reactants simply spread over wider regions. Our goal here is to
investigate the effect of diffusion on the total oxidation level and overall fuel/non-fuel ratio, and
how this effect varies with initial core temperatures.

As indicated in section 2.3.2, a change in the turbulence intensity by a factor of two was
used to investigate this effect. The simple eddy diffusivity model implies that a change of a
factor of two would also be expected in the turbulent diffusivity. A comparison between the
spatial species distribution results with different diffusivity is shown in Figure 3.28, using the
case of initial temperature at 1400 K. As the turbulent diffusivity increases, the spatial species

distribution broadens, and the concentration of intermediate species increases. A higher transport
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rate increases the reaction rate by carrying more reactants into the reaction zone. The effect of a
change in the turbulent diffusivity by a factor of two on the evolution of the extent of oxidation
of total hydrocarbons for various initial core temperatures is shown in Figure 3.29. Clearly, the
effect of diffusivity is much greater at higher initial temperatures, which is more diffusion
limited than low temperature cases.

Figure 3.30 shows the effect of diffusivity on the oxidation level and the fuel and non-
fuel fractions in the surviving fraction of total hydrocarbons at various initial core temperatures.
An increase of a factor of two in the turbulent diffusivity reduces the fraction of surviving
hydrocarbons by 66% at a starting temperature of 1600 K, 42% at 1500 K, 12% at 1400 K, and
2.5% at 1300 K. Consequently, the reduction of unburned hydrocarbons by increased turbulent
mixing would be expected to be more effective during operating conditions that can produce
higher temperatures during the expansion process (such as increasing engine speed). In addition,
the concentration of non-fuel species is little influenced by the change of turbulent diffusivity,
such that the remaining fuel/non-fuel ratio decreases with increased diffusivity, as more fuel is
transported into the reaction zone and decomposes into non-fuel species. It must be noted that,
because of the finite hydrocarbon source, a high diffusion rate causes the level of hydrocarbons
on the wall to drop, such that the resulting smaller gradient offsets the effect of high diffusivity
to some extent. In addition, in the vicinity of the wall (within 1 millimeter), the predicted
turbulent diffusivity is of the same order of the molecular diffusivity, which implies that
increasing the turbulent diffusivity does not have a very large effect during the initial stages,
while the hydrocarbons are confined within the region where turbulent diffusivity does not
dominate. As will be shown in Chapter 4.2.3, increasing molecular diffusivity by about 80% has

also a similarly moderate effect on the post flame oxidation.

3.3 Effects of reactant chemistry

The post flame oxidation process is affected by the type of reactant fuel. Experiments show
that emission levels for different gaseous fuels (i.e., fuels that are stored in similar sources of
hydrocarbons) vary with tested fuel at the same engine operating conditions [8,14], a fact that can
be attributed to the difference in either fuel chemistry or molecular diffusivity. The following

section investigates the effect of fuel type on post flame oxidation.
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3.3.1 Ethane versus ethylene

Ethane (C,Hg) and ethylene (C;H,) have very similar molecular diffusivity due to their
similar molecular weight and structure. Therefore, the effect of fuel chemistry can be more
closely understood by comparing simulated results of ethane and ethylene. The same temperature
and pressure histories were used for both cases to isolate the effects of hydrocarbon layer
oxidation, although the adiabatic flame temperature is higher in the case of ethylene.
Comparisons of the evolution of the extent of oxidation of overall unburned hydrocarbons is
shown in Figure 3.31. Simulations show that ethylene leads to a higher extent of oxidation than
ethane, an effect that reflects the role of chemical reactions on post flame oxidation.

Figures 3.32-3.33 show the spatial species concentration profiles in the cases of ethane
and ethylene. A higher energy release and reactivity in the case of ethylene leads to a narrower
reaction zone, a higher carbon monoxide concentration, and lower fuel concentration near the
wall than in the case of ethane. The oxidation paths for ethane and ethylene are very similar,
except for the main path for ethane decomposition into ethylene. The shorter path to oxidation in
the case of ethylene results in a higher extent of oxidation for the post flame reactive/diffusive
process. Figures 3.34-3.35 show the reaction rates as a function of temperature for ethane and
ethylene, respectively. Similar levels of destruction rates for both reactant fuels peak at similar
temperatures. However, the shorter path to oxidation in the case of ethylene leads to higher
production rates of carbon monoxide and carbon dioxide, while a considerable production rate of
ethylene (intermediate species), which diffuses towards either high-temperature regions for
destruction or low-temperature regions for preservation, retards the conversion rates of carbon
monoxide and carbon dioxide.

In addition, in comparison with the case of propane (Figure 3.15), much higher oxidation
rates are observed in the cases of ethane and ethylene. Even compared to the propane cases with
twice the increase in turbulent diffusivity, ethane and ethylene still show a much higher oxidation
rate than propane (even in the case of an initial core temperature of 1300 K). This suggests that
fuel chemistry is a more critical factor in determining the oxidation levels than transport for post
flame oxidation. Shorter paths to oxidation can also be applied to explain the higher total

hydrocarbon destruction rate in the cases of ethane and ethylene than propane.
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3.3.2 Isooctane

Isooctane is a major component of gasoline and has much larger molecular weight and
quite different chemistry from propane, ethane and ethylene. Figure 3.36 shows the spatial
concentration profiles of species for the isooctane case initiated at a core temperature of 1500 K.
Compared to the case of propane (Figure 3.8), a higher concentration of hydrocarbons (in terms
of ppmC1) is retained near the wall and a higher concentration of intermediate compounds is
produced in the case of isooctane. Major differences appear in peak CO concentrations, which
are lower by a factor of two in the case of isooctane. In addition, the radical pool concentration
overshoot is small in the case of isooctane, and the peak concentrations of active radicals (such
as OH, H, and O) are lower by an order of magnitude.

Figure 3.37 shows the profiles of the surviving fraction total hydrocarbon for isooctane
fuel at various initial core temperatures. Much lower oxidation levels are observed in the case of
isooctane than propane for the same initial condition; in fact, complete oxidation cannot be
achieved at initial temperatures as high as 2000 K. This can also be attributed to the slow
reactivity of isooctane and a low diffusion rate.

The effect of diffusion on the oxidation process was examined by replacing the
molecular diffusivity of isooctane with that of propane (test case at 1600 K). Figure 3.38 shows
the comparison of the evolution of the surviving fractions of fuel and total hydrocarbons, and the
normalized productions (by the amount of initial total hydrocarbons) of non-fuel and carbon
monoxide. An increase of about 50% in the molecular diffusivity of isooctane boosts the total
hydrocarbon extent of oxidation of from 43% to 55%, while the level of non-fuel species
concentration remains unchanged. However, the final levels of oxidation are still much lower
than those found in the case of propane at the same initial temperatures, showing that chemical
effects are responsible for most of the difference. A more detailed analysis of the specific
reaction paths to investigated the reasons for the different oxidation rates between the cases of
propane and isooctane will be presented later in Chapter S.

Figure 3.39 shows a comparison of the oxidation levels and composition of remaining
hydrocarbons between propane and isooctane. Higher levels of surviving partial combustion
products are found for all initial temperatures in the case of isooctane. Consequently, a higher
level of emissions and a lower fuel/non-fuel ratio should be expected in the case of isooctane,

which is consistent with experimental observations.
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Figure 3-31 Comparison of the evolution of the fraction of surviving total hydrocarbons (fyc) for various
initial core temperatures between the cases of ethane (dashed line) and ethylene (solid line).
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Figure 3-37 Evolution of the surviving fraction of hydrocarbons for various initial temperatures. (fuel :
isooctane)
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Figure 3-38 Comparison of the evolution of spatial integrated concentrations of fuel, non-fuel, carbon
monoxide and total hydrocarbons between the original case for isooctane (solid line) and a case in which
the molecular diffusivity of isooctane was replaced with that of propane (dashed line). Species
concentrations are normalized by the concentration of original total hydrocarbons (in ppmC1) (fuel :
isooctane, initial core temperature : 1600 K)
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Chapter 4 Hydrocarbon Emission Analysis

Many experiments have been conducted to identify the relationship between a variety of
engine parameters and hydrocarbon emissions. However, concrete quantitative explanations for
the observed trends are rare, especially with regards to post flame oxidation. In this chapter, the
one-dimensional model described in Chapter 2 was used to examine the effects of several
parameters (type of fuel, the width of hydrocarbon layer, wall temperature, and fuel/air
equivalence ratio) on post-flame oxidation. By comparing simulation results with experimental
measurements, one can evaluate whether the one-dimensional model captures the main features
in the hydrocarbon emission data, while providing reasonable explanations for the experimental

findings.

4.1 Crevice mass integrated emissions

The approximation made in this chapter is that the oxidation of crevice hydrocarbons can
be represented by the one-dimensional model described in previous chapter. It is also assumed
that the piston top-land crevice is the only significant source of hydrocarbon emissions. The one-
dimensional model is used to calculate the transport and oxidation of individual elements of mass
(“segments”) leaving the crevice normal to the liner wall. The assumptions are as follows:

1. The piston crevice is represented by a constant volume at constant temperature

(equal to the wall temperature), and pressure is equal to that in the cylinder.
2. No burned gas is present in the crevice.
There is no axial transport between adjacent axial segments

4. The extent of reaction for segments initiated at various core gas temperatures are
representative of the oxidation of hydrocarbons leaving the crevice at temperatures
within £50 K of the initial temperature. For instance, the case of an initial core
temperature of 1500 K is assumed to represent the evolution of the oxidation of
hydrocarbons leaving the crevice as the core temperature changes from 1550 K to
1450 K.

The amount of fuel/air mixture flowing out of the crevice varies with time during the
expansion process. The molar rate of crevice outflow is calculated from the given pressure

history as:
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- dng = _.K“_fil 4-1)

fe dt RT, dt

Since there is no pressure drop after bottom dead center of the expansion process, the
integration was carried out from the time when the pressure reaches maximum (z,) to bottom

dead center of the expansion process (#,). The total amount of remaining species i and total

hydrocarbons at time ¢* (t*> 1,) can then be calculated as follows, respectively:

1
n (%) = If,-(t*,t)ric(t)X,- dt (4-2)
t

a

tp
nuc(t™)= [ fac, (0" .0i ()T, Xie;) dt @3)
t i

a

The remaining fraction of species i f; and total hydrocarbons f,,. (defined in equations

(3-3) and (3-4) in Chapter 3) is a function of the initial reaction time (¢) and the residence time
(¢*- £). In the present approach, the integral is approximated by discrete segments centered around

given temperatures. Moreover, t* is chosen to be top dead center of the exhaust process to

determine the value of f,. for each segment”:

ni(trpc) = Z fi,jGrpc)ic, j XAt (4-4)

J

nuc(trpe) = D fHC,j(tTDC)ﬁc,j(z Xici)At; (4-5)
j i

so that the total integrated extent of oxidation at top dead center of the exhaust process

can be calculated as

nuc,o ~nuc(trpc) 4-6)
nHC,0

Egc =1- fuc =

where

* Since most of surviving hydrocarbons from the piston crevice are exhausted at the end of the exhaust process,
top dead center of the exhaust process is chosen to determine the surviving fraction of total hydrocarbons in

order to compare with experimental data [13].
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nuco = | A (Y, Xic;) dt
t

Figure 4.1 illustrates the normalized mass flow rate of hydrocarbons leaving the crevice,
and the predicted remaining fraction of hydrocarbons at top dead center of the exhaust process,
in the cases of propane and isooctane. A large fraction of the crevice hydrocarbons leaves the
crevice while core temperatures are above 2000 K, due to the rapidly decreasing pressure in the
early stage of the expansion process. Those hydrocarbons oxidize quickly and only contribute
little to hydrocarbon emissions. About 90% of the crevice outflow of hydrocarbons is completely
oxidized before leaving the cylinder, in the case of propane, while only about 80% of crevice-out
hydrocarbons are oxidized in the isooctane case due to a slower conversion rate.

Figure 4.2 shows the fractional contributions of segments starting at different initial core
gas temperatures to the total surviving hydrocarbons in the cases of propane and isooctane. The

fractional contribution of each segment is calculated as follows:

fuc,j(trpe)ic, j(Q, Xici)At;
: i

C))

o = (4-8)

j
npc(trpc)

Results for propane indicate that about three quarters of the surviving hydrocarbons are
contributed by the mass leaving the crevices at temperatures below 1400 K. In the case of
isooctane, however, the fractional contributions to the surviving total hydrocarbons is distributed
over a temperature range spanning from 1300 K to 2000 K, due to the slow reactivity of
isooctane.

Figure 4.3 shows the fractional contributions of segments leaving at different core
temperatures to the remaining fuel and non-fuel species concentrations in the case of propane:
most of the unburned fuel is preserved in the mass leaving the crevices late in the cycle for initial
temperatures below 1400 K. In contrast, most of the remaining intermediate hydrocarbons are
produced from the segments leaving the crevice at higher temperatures around 1400 to 1500 K.

Figure 4.4 is the counterpart of Figure 4.3 for the case of isooctane. Similar trends are
observed in the contribution structure for fuel and non-fuel species: most of the unburned fuel

still comes from the segments leaving the crevices in the late stage; non-fuel species are
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produced mostly within the intermediate temperature range, but the contributions extend to much

higher core temperatures.

4.2 Effect of reactant fuel type on overall oxidation

The effect of fuel type on the post flame oxidation process appears as the combined
effect of molecular diffusivity and oxidation chemistry of the fuel. Simulations indicate that
oxidation chemistry is the main reason for the drastic differences in the oxidation levels between
the cases of propane, isooctane, ethane and ethylene.

Figure 4.5 shows the relative remaining hydrocarbon concentrations of these four
different reactant fuels between the predicted overall crevice mass remaining and experimental
emission levels, the latter taken from time-resolved speciated sampling probe measurements [13]
and from time-averaged exhaust port quenching experiments [8,9]. Due to the lack of the
information about the crevice volume in experiments, the emission data and the predicted results
are normalized by values for propane. The predictions of the magnitudes of the relative ratios of
the hydrocarbon concentrations between fuels are reasonably good, although the value of the
relative ratio for ethane and ethylene are somewhat under-predicted and that for isooctane is
over-predicted.

Several factors may contribute to the discrepancies: first, the one dimensional
assumptions break down at bottom dead center since the processes after bottom dead center
involve substantial additional mixing. (simulations predicted that 15% of the surviving
hydrocarbons at bottom dead center are further oxidized during the expansion process in the case
of propane, 6% in the case of isooctane, 39% in the case of ethane, and 46% in the case of
ethylene). Results calculated up to bottom dead center for the surviving fraction of total
hydrocarbons show a better correlation with experimental data in Figure 4.5. Secondly, the fact
that the processes near the corner of the piston involve a larger thermal boundary layer than just
the crevice size is also neglected. Finally, no retention of hydrocarbons is the cylinder is
considered in the calculation. In addition, in the case of isooctane, crevices are not the only
source of hydrocarbons, with oil layers and liquid fuel probably playing a role; the core
temperatures in the case of ethylene are higher (approximately 150 K) than in other cases.

Figures 4.6 through 4.9 compare the predicted fractional contributions to the total
hydrocarbon emissions for individual species of propane, isooctane, ethane and ethylene, with

experimental data. Results show that the current one-dimensional model with detailed chemistry
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can make reasonable predictions of the fuel/non-fuel ratio and the composition of hydrocarbon
emissions. The fact that the correlation seems to work reasonably well in spite of these
approximations attests to the significant effect of fuel chemistry on the overall post-flame

oxidation process.

4.3 Effect of the width of the hydrocarbon layer

Comparisons between the surviving fraction of total hydrocarbons and the fuel/non-fuel
distribution for various widths of hydrocarbon layer (0.1 mm, 0.2 mm and 0.4 mm) for cases
initiated at different initial core temperatures are illustrated in Figure 4.10. Results show that the
effect of the hydrocarbon layer thickness on the oxidation level depends somewhat on the initial
core temperatures. For high initial core temperatures, the extent of oxidation increases with the
width of the hydrocarbon layer, since more energy can be released from the wider hydrocarbon
layer during fast oxidation at high temperature, so that the resulting temperature rise accelerates
the oxidation of the remaining hydrocarbons. In contrast, at lower initial core gas temperature,
more hydrocarbons survive the post flame oxidation in the wider hydrocarbon layer, and a higher
portion of the fuel species remains unburned in the case of wider hydrocarbon layer.

Figure 4.11 shows comparisons between the concentrations of species as a function of
distance away from the wall, for the cases with 0.1 mm (reference) and 0.2 mm hydrocarbon
layer thickness starting at a low initial core temperature (1400 K). The wider layer contributes to
a somewhat higher concentration of intermediates and carbon monoxide, and a much higher
fraction of remaining unburned fuel. The magnitude of the unburned fuel concentration at the
wall is found to be approximately proportional to the initial width of the hydrocarbon layer,
leading to a steeper gradient of unburned fuel concentration near the walls and thus higher
diffusion rates. In spite of increased diffusion rates, the extent of oxidation of hydrocarbons is
not significantly affected at a lower temperature. Non-fuel species concentrations increase near
the wall as a result of higher gradients and diffusion rates. However, since remaining unburned
fuel concentration near the walls are also high, the fuel/non-fuel ratio increases with the
hydrocarbon layer thickness.

Figure 4.12 shows mass-integrated results for a crevice width and crevice outflow
corresponding to the initial hydrocarbon layer thickness. Due to the opposite trends in the effect
of width of hydrocarbon layer in cases initiated at high and low core temperatures, the overall

extent of oxidation is quite insensitive to the width of the hydrocarbon layer, such that the
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resulting hydrocarbon emission is approximately proportional to the width of the hydrocarbon
layer, and therefore to the initial hydrocarbon mass. In addition, the fuel/nonfuel ratio increases
modestly with the width of the hydrocarbon layer, as more of the fuel species are remained in the
cold layer for the cases at lower initial core temperatures. The sensitivity of the emission level to
the width of the hydrocarbon layer is consistent with experimental observations varying the top-
land crevice radial clearance in the range of 0.05 mm to 0.18 mm, which are smaller than the two
plate quench distance [52]. However, other experimental data suggest that the emission level is
relatively insensitive to the radial width of the crevice size [53]. The main reasons for the
discrepancies could be flame penetration into the crevice (if the crevice size is larger than the
critical two-plate quench distance), and mixing effects due to the jet-like flow out of the crevice.

Neither effect is included in the current model.

4.4 Effect of wall temperature on overall oxidation

Experiments indicate that the reduction of hydrocarbon emissions can be simply
achieved by increasing the coolant temperature [S4]. In order to investigate this effect, a change
in wall temperature from 361 K (baseline condition) to 500 K for the one dimensional simulation
has been carried out. In addition, the initial temperature of the hydrocarbon layer is also assumed
to increase from 361 K to 500 K.

Figure 4.13 illustrates the spatial species distribution for two cases at 25 crank angle
degrees after start for an initial core temperature of 1400 K. The fuel concentration near the wall
drops much faster in the case of high wall temperature than for low wall temperature, with a
slight increase in the concentrations of intermediates and carbon monoxide. This is a result of the
increase in molecular diffusivity with the change in the temperature within the hydrocarbon
layer. An increase in temperature from 361 K to 500 K raises the molecular diffusion coefficient
of propane by 80%.

The surviving fractions of total hydrocarbons and fuel/non-fuel distribution in the two
wall temperature cases for various initial core temperatures are shown in Figure 4.14. The result
shows the effect of increased wall temperatures on the oxidation of hydrocarbons is very similar
to that of increased the turbulent intensity (greater effect on the oxidation level at higher initial
core temperatures and little influence on the non-fuel concentrations).

Crevice mass-integrated results (shown in Figure 4.17, along with the fuel/air

equivalence ratio effect) indicate that the overall extent of oxidation is increased by 0.9% (from
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93.6% at 361 K to 94.5% at 500 K), leading to a 14% reduction in the surviving fraction of total
hydrocarbons (fac). Combining the effect of the decrease in the source of hydrocarbons (a 28%
reduction in the density in the hydrocarbon layer) due to the increase in temperature, a 38%
decrease in hydrocarbon emissions is predicted by varying temperatures from 361 K to 500 K.
Consequently, the predicted hydrocarbon reduction (from the baseline case) is 0.27% per degree
Kelvin, which is somewhat lower than the experimental values (0.37% per degree Kelvin for
isopentane, and 0.46% for 97 RON [54]). However, the impact of a change in coolant
temperature on intake, compression, combustion processes and consequent higher core
temperature histories, which would result in a higher hydrocarbon reduction, has not been
considered in the current analysis. In addition, because the wall temperature affects the
absorption/desorption mechanism of oil layers, the hydrocarbon emissions of liquid fuels
(isopentane and RON) should be more sensitive to the wall temperatures than gaseous fuel
(propane). Simulations suggest that the combined effect of post-flame oxidation and a change in

density provide the main contributions to the measured change in hydrocarbon emissions.

4.5 Effect of equivalence ratio

The effect of the fuel/air equivalence ratio on post-flame oxidation has been tested by
varying the fuel/air ratio from 0.9 (baseline) to 1.0. It should be noticed that core gas
compositions change with the initial fuel/oxygen ratio. By increasing the fuel/air ratio from
slightly lean (¢=0.9) to stoichiometric (¢=1.0), for instance, the concentration of hydrogen atoms
in the burned gas is increased by an order of magnitude; that of carbon monoxide is also
increased by an order of magnitude, and that of atomic oxygen is decreased by an order of
magnitude.

Figure 4.15 shows the comparisons of spatial concentration profiles of fuel, non-fuel,
and carbon monoxide between the two cases. Similar species concentration profiles, except for
the different ‘base’ concentrations of carbon monoxide in the burned gas between the two cases,
indicate that the differences in burned gas composition and fuel/oxygen ratio in the cold layer do
not have a significant impact on the post-flame oxidation process when the fuel/air ratio changes
from 0.9 to 1.0.

Figure 4.16 shows the effect of stoichiometry on the oxidation level and the fuel and
non-fuel fractions in the surviving total hydrocarbons at various initial core temperatures. A

slightly lower oxidation level for the stoichiometric condition at high initial core temperatures
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indicates the effect of oxygen on the fast oxidation. In contrast, a slightly higher extent of
oxidation at low initial core temperatures is observed. This may be attributed to the effect of high
concentrations of radicals at a stoichiometric conditions on the consumption of hydrocarbons,
since the production of radicals decreases significantly at low core gas temperatures, such that
the effect of radicals in the core gas becomes important.

Comparisons of final crevice mass-integrated results (along with the effect of wall
temperatures) are shown in Figure 4.17. No significant change in oxidation levels and fuel and
non-fuel distribution is found by varying the fuel/air equivalence ratio from slightly lean (¢=0.9)
to stoichiometric (¢=1.0), which is consistent with experimental observations [55]. More drastic
changes in emission levels would be expected in simulations into the fuel-rich range due to the

effect of oxygen shortage.
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Figure 4-1 Mass flow rate of hydrocarbons leaving the crevice normalized by peak rate, and predicted
remaining fraction of hydrocarbons at top dead center of the exhaust process for the cases of propane and

isooctane.
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Figure 4-2 Fractional contributions of segments (starting reaction at various initial core gas temperatures)
to the total surviving hydrocarbons in the cases of propane and isooctane. All results are normalized by total
surviving hydrocarbon concentration.
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Figure 4-3 Fractional contributions of segments (starting reaction at various initial core temperatures) to the
surviving fuel and non-fuel species concentrations. All results are normalized by total surviving fuel and
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Figure 4-4 Fractional contributions of segments (starting reaction at various initial core temperatures) to the
surviving fuel and non-fuel species concentrations. Normalized by total surviving fuel and non-fuel species
concentration. (fuel : isooctane)
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Figure 4-6 Comparison between simulations and experimental measurements [13] at top dead center of the
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Figure 4-9 Comparison between simulations and experimental measurements [8] at top dead center of the
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Figure 4-10 Comparison of the surviving fraction of total hydrocarbons and fuel/non-fuel distribution at top
dead center of the exhaust process between the cases with width of hydrocarbon layer of (a) 0.1 mm
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Figure 4-11 Comparison of spatial distribution of species concentrations between the original case (solid
line) and the case with the width of hydrocarbon layer of 0.2 mm. (dashed line) (fuel : propane, initial core
temperature : 1400 K)
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Figure 4-12 Effect of width of hydrocarbon layer on the extent of oxidation and fuel/non-fuel distribution.
Results are normalized by the results in the baseline case (0.1 mm). (fuel : propane)
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Figure 4-13 Comparison of spatial distribution of species concentrations between the original case (solid

line) and the case at wall temperature of SO0K. (dashed line) (fuel : propane, initial core temperature : 1400
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Figure 4-16 Comparison of the surviving fraction of total hydrocarbons and fuel/non-fuel distribution at top
dead center of the exhaust process between the (a) baseline case ($=0.9) (b) stoichiometric case. Results
are normalized by initial unburned hydrocarbon concentrations. (fuel : propane)
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fuel/non-fuel distribution. The normalized fractions are relative to the baseline case.
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Chapter 5 Reaction Path Analysis

The local contribution of diffusion, convection and reaction to the net local rate of
change of species concentration has been analyzed in Chapter 3, in order to understand the roles
of diffusion and chemical rates on the overall oxidation of species. In this chapter, chemical
reaction path analysis was conducted to identify the main pathways of hydrocarbon oxidation
and radical pool generation. Through detailed reaction flux analysis, the reasons for the different

oxidation rates between the cases of propane and isooctane is investigated

5.1 Reaction path analysis for oxidation of hydrocarbon species

The oxidation of a hydrocarbon fuel takes place by the sequential fragmentation of the
initial fuel molecule into smaller intermediate specieé, which are ultimately converted to final
products, H,O and CO,. The reaction path analysis identifies the main pathways of the sequence

of fragmentation of hydrocarbons for the case of propane and isooctane.

5.1.1 Propane

Figure 5.1 shows the simplified main pathways for propane oxidation. Most of the
propane is consumed by attack of OH, O, and H radicals to form propyl radicals, which then
decompose into major intermediate species, ethylene (C;Hs) and propene (C;Hs). These
intermediate species then further oxidize into smaller hydrocarbon fragments such as
formaldehyde (CH,O) and formyl radical (HCO), which are and finally converted into carbon
monoxide and carbon dioxide. The detailed reaction flux analysis for the main paths are
described as follows.

Figure 5.2 shows the consumption pathways of propane are dominated by reactions (1) -

(6) via OH, O, and H radical attack, the latter generated in the reaction zone.

C;H; + OH = NC3H; + H,0 (5-1)
C:H; + OH = IC;H; + H,0 (5-2)
CsHs + O = NC:H; + OH (5-3)
C:H; + 0 = IC;H; + OH (5-4)
C:H; + H=NGC;H; + H, (5-5)
CHs + H=1IC:H; + H, (5-6)
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Reactions fluxes (1) to (4) are higher than reactions (5) and (6) for lean and
stoichiometric conditions. The initial thermal decomposition reaction

C3H; = CH; + CHs )

does not effectively compete with radical-fuel reactions (less than 10% of the top
reaction rate) because of low temperature (high activation energy in reaction (7)) and the
abundance of radicals in the reaction zone.

The propy! radicals (C;H7) are almost entirely consumed by thermal decomposition

NC;H; = C;H, + CH3 (5-8)

IC;H; =C3Hg +H (5-9)

which are the main paths for producing ethylene (C;H,) and propene (C;Hg) as important
intermediate species.

Ethylene and propene are further consumed by reaction with active radicals (Figures 5.3-
4) to yield formaldehyde (CH,0O), formyl radical (HCO) and smaller allyl radicals (CHj, etc).

C,H, + OH = G,H; + H,0 (5-10)
C,H, + OH = CH,0 + CHj (5-11)
C,H, + 0 =CH; + HCO ' (5-12)
C;H, + O =CH;0 + CH, (5-13)
C;He + OH = C;H; + CH,0 (5-14)
CsHs + OH = C3H; + H,0 (5-15)

Carbon monoxide is finally formed via reactions (16) and (17), and is converted to a

final combustion product CO, by reaction (18) (Figure 5.5),

HCO+M=H+CO+M (5-16)

HCO + O, =CO + HO, 5-17)

CO+0OH=CO,+H (5-18)
5.1.2 Isooctane

Isooctane has a larger and more complicated molecular structure than propane.
Consequently, there are more reaction flux paths available for isooctane oxidation and more
intermediate products involved. Figure 5.6 depicts the main isooctane oxidation pathways. Due
to the hierarchical structure of chemical kinetics, the reaction flux paths of the byproducts of
propane oxidation can be viewed as part of that of isooctane. Therefore, only the paths outside

the scope of the oxidation paths of the byproduct of propane are discussed in this section.
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As in the case of propane, H atom abstraction reactions with OH radicals are the most
important for the consumption of isooctane to form isooctyl radicals, which then decompose into
major intermediate species isobutene (IC;Hsg). Important fuel consumption reactions are showed
in Figure 5.7 as a function of local temperature. Again, the thermal decomposition reaction (19)

ICsH,5 = TC4Hy + IC4Hy (5-19)

is not the main initiation reaction for isooctane post flame oxidation, even though a large
molecule like isooctane can decompose more easily than propane.

Through several pathways, all the isooctyl radicals promptly undergo B-scission to form
a large amount of isobutene (IC,Hg). Subsequently, propene (C;Hg), allene (C;H,), and smaller

fragments are produced from the decomposition of and radical attack on isobutene (Figure 5.8).

IC;H; = CH;s + CH; (5-20)
C3Hs + O, = C3Hy + HO, (5-21)
IC{H; + O = IC,H; + OH (5-22)
ICH; + OH = ICH; + H,0 | (5-23)
IC.H; = C;H, + CH; (5-24)
ICH; + H = ICH, (5-25)
IC,H; = C3Hs + CH; (5-26)

The conversion rates of both fuel and intermediate species in the case of isooctane are
much lower than in the case of propane. (For instance, compare Figure 5.2 with Figure 5.7 for the
rates of fuel decomposition; compare Figure 5.3 with Figure 5.9 for the rates of
production/destruction of intermediate species (ethylene)). Since the reaction constants of the
main decomposition reactions are approximately within the same range for propane and
isooctane (for the same temperature range), the low concentrations of reactants (fuel (or
intermediate species) and radicals in the reaction zone, see Figure 3.8 and Figure 3.36) are found

to be the main reason for the lower oxidation rate in the case of isooctane.

5.2 Flux analysis for radical pool generation

Since the low concentrations of radicals in the reaction zone result in the low
hydrocarbon conversion rate in the case of isooctane, it is important to find out why lower
concentrations of radicals are generated in the case of isooctane. Figure 5.10 illustrates the main
reaction rates leading to OH formation/consumption in the case of propane. Flux analysis shows

that the important chain-branching and chain propagating reactions for OH in the radical pool are
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H+0,=0+O0H (5-27)

O +H,0 = OH + OH (5-28)
H,0 + H=H, + OH (5-29)
H +HO, = OH + OH (5-30)
HO, + OH=H,0 + 0, (5-31)

Most of the OH is consumed by diffusing into the adjacent zone and reacting with locally
rich partial combustion products such as CH,O

CH;0 + OH = HCO + H,0O (5-32)
and CO (reaction (18)), which are produced near the radical pool, or by the termination reaction
(reaction (31)).

Figures 5.11 show the contributions to the formation and destruction of H radicals. The
primary pathway for hydrogen atom production is the decomposition of formyl radical HCO
(reaction (17)) and the oxidation of carbon monoxide (reaction (18)). It is observed that H is
consumed mostly in the important chain-propagating and chain-branching reactions (27), (29),
and (30).

In laminar flame simulations at high pressures, the recombination reaction

H+0,+M=HO,+M (5-33)

competes with reaction (27) to reduce the radical concentrations and slow down the
combustion [29]. In the present cases, the recombination reaction (33) only has a moderate
contribution to suppress the generation of radicals due to the relatively low pressure environment
of post-flame oxidation. In most cases, the net production rate of reaction (33) is less than 30%
than that of reaction (27).

The pathway analysis above indicates that the hydrogen atom is the key radical for the
production of hydroxyl radicals by triggering the main chain-branching reactions (27), (29), and
(30), and generating oxygen atoms (through reaction (27) to further promote another main chain-
branching reaction (28)). Moreover, the rates of formyl radicals decomposition (reaction(17))
and carbon monoxide oxidation (reaction (18)) determine the rate of production of hydrogen
atom. Therefore, the generation of radicals actually depends on the rate of hydrocarbon
conversion (into HCO and further CO). Higher concentrations of radicals are generated in the
case of propane than isooctane for two reasons : the higher initial fuel concentrations in the case
of propane, and the shorter oxidation pathways.

Figure 5.12 depicts the reaction rates of formation and destruction of hydrogen atom in

the isooctane case. The peak production rate of hydrogen atoms through the decomposition of
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carbonyl radicals (HCO) in the isooctane case is about an order of magnitude lower than in the
case of propane (Figure 5.11) demonstrating the much slower conversion of hydrocarbon species

in the case of isooctane.
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Figure 5-1 Simplified pathways for propane oxidation.
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Figure 5-2 Contribution of the important reactions to the total reaction flux of propane at 25 crank angle
degrees after start of reaction. (fuel : propane, initial core temperature : 1600 K) Reactions :
(1)C3H8+0OH=nC3H7+H20, (2)C3H8+0OH=iC3H7+H20, (3)C3H8+0=nC3H7+O0OH,
(4)C3H8+OH=iC3H7+H2, (5)C3H8+0=iC3H7+0H, (6)C3H8+H=nC3H7+H2, (7)C3H8=C2H5+CH3.
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Figure 5-3 Contribution of the important reactions to the total reaction flux of ethylene at 25 crank angle
degrees after start of reaction. (fuel : propane, initial core temperature : 1600 K) Reactions :
(1)nC3H7=C2H4+CH3, (2)C2H4+OH=C2H3+H20, (3)C2H4+OH=CH20+CH3,
(4)C2H4+0=CH3+HCO, (5)C2H4+0=CH20+CH2, (6)C2H5+M=C2H4+H+M.

0-08 ] 1 1 T LI LI L) i L]

0.06}

0.04}

0.02

net reaction rate (kmole/(m*3*sec))

-0.02

_o.ogOO 700 800 900 1000 1100 1200 1300 1400 1500 1600

temperature (K)

Figure 5-4 Contribution of the important reactions to the total reaction flux of propene at 25 crank angle
degrees after start of reaction. (fuel : propane, initial core temperature : 1600 K) Reactions :
(1)iC3H7=C3H6+H, (2)C3H6+OH=C2H5+CH20, (3)C3H6+OH=AC3H5+H20,
(4)C3H6+OH=SC3H5+H20.
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Figure 5-5 Contribution of the important reactions to the total reaction flux of carbon monoxide at 25 crank
angle degrees after start of reaction. (fuel : propane, initial core temperature : 1600 K) Reactions :
(1)HCO+M=H+CO+M, (2)CO+OH=CO2+H, (3)HCO+02=CO+HO2.

Figure 5-6 Simplified pathways for isooctane oxidation
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Figure 5-7 Contribution of the important reactions to the total reaction flux of isooctane at 25 crank angle
degrees after start of reaction. (fuel : isooctane, initial core temperature : 1600 K) Reactions :
(1)iC8H18+0H=aC8H17+H20, (2)iC8H18+0OH=dC8H17+H20, (3)iC8H18+OH=bC8H17+H20,
(4)iC8H18+0OH=cC8H18+H20, (5)iC8H18=tC4H9+iC4H9.
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Figure 5-8 Contribution of the important reactions to the total reaction flux of isobutene at 25 crank angle
degrees after start of reaction. (fuel : isooctane, initial core temperature : 1600 K) Reactions :
(1)aC8H17=iC4H8+iC4H9, (2)iCAH9=iC4H8+H, (3)iC4H8=C3H5+CH3, (4)neoC5H11=iC4H8+CHS3,
(5)summation of following reactions : (a)iC4H8+0=iC4H7+OH, (b)iC4H8+0=iC3H7+HCO,
(c)iC4H8+OH=iC4H7+H20, (d)iC4H8+OH=iC3H7+CH20, (e)iC4H8+H=iC4H7+H2.
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Figure 5-9 Contribution of the important reactions to the total reaction flux of ethylene at 25 crank angle
degrees after start of reaction. (fuel : isooctane, initial core temperature : 1600 K) Reactions :
(1)nC3H7=C2H4+CH3, (2)C3H4+OH=C2H4+HCO, (3)C2H4+OH=C2H3+H20
(4)C2H4+OH=CH20+CH3, (5)C2H4+0=CH20+CH2, (6)C2H5+M=C2H4+H+M.
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Figure 5-10 Contribution of the important reactions to the total reaction flux of hydroxyl at 25 crank angle
degrees after start of reaction. (fuel : propane, initial core temperature : 1600 K) Reactions :
(1)O+H20=20H, (2)H+02=0H+0, (3)CH20+OH=HCO+H20, (4)CH30H+OH=CH20H+H20,
(5)HO2+0OH=H20+02, (6)H+HO2=0H+OH, (7)CO+0OH=CO2+H, (8)CH3+OH=CH30H,
(9)H2+OH=H20+H, (10)C2H4+0OH=C2H3+H20.
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Figure 5-11 Contribution of the important reactions to the total reaction flux of hydrogen atom at 25 crank
angle degrees after start of reaction. (fuel : propane, initial core temperature : 1600 K) Reactions :
(DHCO+M=H+CO+M, (2)H+02=0H+0, (3)C2H3=C2H2+H, (4)H2+OH=H20+H, (5)IC3H7=C3H6+H,
(6)CO+0OH=CO2+H, (7)H+HO02=0OH+OH, (8)H+02=HO2.

0- 04 T L T L} T L I Ll L)

0.03

o

Q

o
1

o

o

g
I

net reaction rate (kmole/(m*3*sec))
b
2 o

|
o
[@]
W

T

ogoo 700 800 900 1000 1100 1200 1300 1400 1500 1600
temperature (K)

Figure 5-12 Contribution of the important reactions to the total reaction flux of hydrogen atom at 25 crank
angle degrees after start of reaction. (fuel : isooctane, initial core temperature : 1600 K) Reactions :
(1DHCO+M=H+CO+M, (2)H+02=0H+0, (3)H2+OH=H20+H, (49)H+HO2=OH+OH, (5)H+02=HO2,
(6)CO+OH=CO2+H.
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Chapter 6 Summary and Conclusions

A one-dimensional, detailed chemistry and transport numerical model has been

established to simulate the post-flame oxidation process of unburned hydrocarbons in a spark

ignition engine, for the purpose of investigating in detail the roles of oxidation chemistry and

transport on the oxidation process. Varying pressures and temperatures, as well as turbulent

transport, have been included in the current model in order to simulate the environment inside an

engine, where oxidation reactions occur between a thin layer of unburned hydrocarbons adjacent

to the walls and the surrounding hot burned gas. The important results are summarized as

follows.

1.

General features of the reactive/diffusive process : simulations show that unburned fuel
is transported towards the hot burned gases, where intermediate species are quickly
generated. The cold region near the walls acts as a reservoir that preserves the
intermediate species from quick oxidation. Radicals are generated close to the burned gas
during the oxidation process, at much higher concentrations than the original burned gas
radical concentrations, indicating that radicals in the burned gas do not have a significant
effect on the oxidation level of unburned hydrocarbons.

Roles of diffusion, convection, and reaction : flux analysis indicates that the convective
dy, . o .
term (pu—é—) can be neglected in comparison with diffusive and reactive terms.
x

Diffusion plays the role of transporting radicals generated at higher temperatures towards
lower temperature regions, and generated intermediate species towards higher
temperature regions for destruction. The mechanism of generation (at lower
temperatures) and destruction (at higher temperatures) of intermediate species keeps the
overall concentrations of intermediate species approximately constant after the
intermediate species initially increase.

Effect of the burned gas temperature : the burned gas temperature is the critical factor
determining the oxidation level. Fast energy release raises the local temperatures near the
walls, simulating the oxidation rate of unburned hydrocarbons in the cases of high initial
core temperatures (of the order of 1800 K). In contrast, at low initial core temperatures
(< 1400 K), radical generation near the burned gas is not significant, such that the
influence of radicals already present in the burned gas becomes more important, and the

whole conversion process is very slow.
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4, Effect of diffusion : molecular diffusivity dominates in the regions close to the wall
(within 0.1 mm) and throughout the reaction zone. Sensitivity analysis of the effect of
diffusion on the oxidation process has been conducted by increasing turbulent diffusivity
by a factor of two. The effect of diffusion strongly depends on the initial burned gas
temperature : a large increase in oxidation is possible by increasing diffusion rates at
high initial temperatures. The overall concentrations of non-fuel species is little
influenced by the change of turbulent diffusivity, so that the remaining fuel/nonfuel ratio
decreases with increasing diffusivity.

S. Effect of reactant chemistry : The effect of reactant chemistry on the oxidation process
has been investigated by comparing the oxidation results between the cases of propane,
ethane, ethylene, and isooctane.

a) Ethane vs. ethylene : Comparisons between the results of ethane and ethylene,
which have similar molecular diffusivity and oxidation chemistry, show that the
shorter path to oxidation in the case of ethylene, and the subsequent diffusion of
non-fuel species (especially ethylene) towards the cold wall in the case of
ethane, are responsible for the higher overall oxidation rate of ethylene.

b) Isooctane vs. propane : Higher concentrations of intermediate species
concentrations, lower radical concentrations and much slower oxidation rate of
unburned hydrocarbons is observed in the case of isooctane. Even increasing the
molecular diffusivity of isooctane to the same level of that of propane, there is
still a drastic difference in the oxidation level between propane and isooctane.
This demonstrates the critical role of reaction chemistry on the oxidation level of
unburned hydrocarbons. The factors resulting in the difference in reaction rates
between the cases of propane and isooctane was investigated through reaction
path analysis (see summary (8)).

6. Effect of operating parameters :

a) Width of initial hydrocarbon layer : the width of the hydrocarbon layer is a
measure of the capacity of hydrocarbon supply. In the high temperature cases,
more energy is released, raising local temperatures and promoting oxidation
rates. In the cases of low initial core temperatures, the slow conversion rate
results in more unburned hydrocarbons remaining near the wall.

b) Wall temperature : increasing the wall temperature (and consequently the

temperatures in the reactive layer) raises the molecular diffusivity of unburned
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fuel in the hydrocarbon layer and shortens the distance to the high temperature
reaction zone, which results in higher extent of oxidation of unburned
hydrocarbons, while the overall concentrations of intermediate species remain
approximately constant..

c) Fuel/air equivalence ratio : Increasing fuel/air equivalence ratio from slightly
lean (¢=0.9) to stoichiometric (¢=1.0) drastically changes the burned gas
composition, but has little influence on the oxidation level.

Crevice mass-integration and correlation with experiments : An approximations was

made that the oxidation of crevice hydrocarbons can be represented by the one-

dimensional model, by integrating overall oxidation levels for crevice masses leaving at
different core gas temperatures. Calculations indicate that over 90% of the crevice
outflow of hydrocarbons is completely oxidized at top dead center of the exhaust process
in the case of propane, and about 80% for the case of isooctane. Comparison with
experimental data for various fuels shows a reasonable correlation with the relative
emission levels, as well as with fractional contributions of individual species to the

overall emissions. .

Factors determining the oxidation rate : Reaction path analysis indicates most of

hydrocarbons decompose by the attack of radicals (OH, O, and H). The drastic difference

in the oxidation rate of unburned hydrocarbons between the cases of propane and
isooctane are mainly due to the difference in the reactant concentrations (especially
radicals) in the reaction zone. Hydrogen atom is the key radical for triggering most of the
important chain-branching reactions. The main pathways of hydrogen atom production
are through HCO decomposition and the reaction of carbon monoxide and hydroxyl. The
rate of hydrocarbon conversion (to HCO) determines the rates of radical generation. It
provides the explanation for the higher concentrations of radicals and higher oxidation

level of unburned hydrocarbons in the case of propane than isooctane since there are a

higher initial fuel concentration as well as shorter pathways to oxidation in the case of

propane than isooctane.
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Appendix 1 Coordinate Transform

New coordinates are given by the coordinate transformation

where subscript o denotes initial state. Therefore,
(A.1)

X
an I 1 9(PL)dx

a L), a
on __pL
—c= A2
ox (pL), i
From the continuity equation, .
9p  wp) owp) dp Oup) poL_
9t 3x+8y—3t+3x+Lat"O (A3)
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Therefore, the governing equations in the new co-ordinate system are
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The old co-ordinate can be restored from equation (A.2).

_ (pL)o )
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Appendix 2 Chemical Kinetic Reaction Mechanisms

Appendix 2.1 Propane chemical kinetic reaction mechanism

(k = A T**b exp(-E/RT)

REACTIONS CONSIDERED A b E
Source/Modification
1 H+H+M=H2+M 731E+17 -1 0 # All reactions : Ref(49)
2 O+0+M=02+M 1.14E+17 -1 0
3 O+H+M=OH+M 6.20E+16 -0.6 0
4 H2+02=0OH+OH 1.70E+13 0 47780
5 O+H2=0OH+H 1.50E+07 2 7580
6 H+02=0OH+O 1.20E+17 -0.9 16520
7 H+02+M=HO2+M 8.00E+17 -0.8 0
8 H+02+02=HO2+02 6.70E+19 -14 0
9 H+OH+M=H20+M 8.62E+21 -2 0
10 H2+OH=H20+H 1.00E+08 1.6 3300
11 H20+0O=0H+OH 1.60E+10 1.1 17260
12 HO2+OH=H20+02 5.00E+13 0O 1000
13 HO2+O=0H+02 200E+13 O 0
14 H+HO2=H2+02 250E+13 O 690
15 H+HO2=0H+OH 1.50E+14 0 1000
16 HO2+HO2=H202+02 280E+12 O 0
17 H202+M=0OH+OH+M 1.30E+17 0 45410
18 H202+OH=HO2+H20 700E+12 0 1430
19  H202+H=H20+OH 100E+13 0 3590
20 H202+H=HO2+H2 1.70E+12 0 3750
21 H202+0=HO2+O0OH 2.80E+13 0 6400
22 CO+HO2=CO2+0OH 457E+14 0 25240
23 CO+0OH=CO2+H 440E+06 1.5 -740
24 CO+O+M=CO2+M 2.83E+13 0 -4540
25 CO+02=C0O2+0O 2.53E+12 0 47700
26 HCO+M=H+CO+M 2.86E+14 0 16800
27 HCO+OH=CO+H20 5.00E+13 0 0
28 HCO+O=CO+OH 3.00E+13 0 0
29 HCO+O=CO2+H 3.00E+13 0 0
30 HCO+H=CO+H2 7.22E+13 O 0
31 HCO+02=CO+HO2 3.31E+13 -03 0
32 HCO+CH3=CO+CH4 3.00E+11 0.5 0
33 CH4=CH3+H 1.00E+15 0 100380
34 CH4+HO2=CH3+H202 400E+12 0O 19360
35 CH4+0OH=CH3+H20 1.09E+05 24 2110
36 CH4+0=CH3+OH 140E4+07 2.1 7620
37 CH4+H=CH3+H2 2.60E+04 3 8780
38 CH4+CH2=CH3+CH3 6.00E+14 0 14000
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7170
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89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

CH20+CH3=HCO+CH4
C2H6+HO2=C2H5+H202
C2H6+0OH=C2H5+H20
C2H6+0=C2H5+0OH
C2H6+H=C2H5+H2
C2H6+02=C2H5+HO?2
C2H6+CH30=C2H5+CH30OH
C2H6+CH3=C2H5+CH4
C2H5+0=CH3CHO+H
C2H5+H=C2H4+H2
C2H5+02=C2H4+HO?2
C2H5+C2H5=C2H4+C2H6
C2H4+M=C2H2+H2+M
C2H4+M=C2H3+H+M
C2H4+HO2=C2H40+0OH
C2H4+0OH=C2H3+H20
C2H4+0OH=CH20+CH3
C2H4+0O=CH20+CH2
C2H4+0=CH3+HCO
C2H4+H=C2H3+H2
C2H5+M=C2H4+H+M
C2H4+02=C2H3+HO2
C2H4+C2H4=C2H5+C2H3
C2H4+CH3=C2H3+CH4
C2H40=CH4+CO
C2H3=C2H2+H
C2H3+OH=C2H2+H20
C2H3+0=CH2CO+H
C2H3+H=C2H2+H2
C2H3+02=CH20+HCO
C2H3+C2H6=C2H4+C2H5
C2H2+M=C2H+H+M
C2H2+0OH=C2H+H20
C2H2+OH=CH2CO+H
C2H2+H=C2H+H2
C2H2+0=CH2+CO
C2H2+0=C2H+OH
C2H2+O=HCCO+H
C2H2+02=HCCO+OH
C2H2+02=HCO+HCO
C2H+OH=HCCO+H
C2H+O=CO+CH
C2H+0O2=HCCO+0O
C2H+02=HCO+CO
CH2CO+M=CH2+CO+M
CH2CO+OH=CH20+HCO
CH2CO+0O=HCO+HCO
CH2CO+0O=CH20+CO
CH2CO+H=CH3+CO
HCCO+OH=HCO+CO+H
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1.00E+11
1.69E+13
5.13E+05
4.40E+07
5.40E+02
1.00E+13
3.02E+11
5.50E-01
5.00E+13
1.25E+14
1.58E+10
1.40E+12
3.00E+17
297E+17
1.00E+13
4.90E+12
1.50E+12
4.00E+13
2.20E+09

-4.00E+06

2.00E+15
4.00E+13
5.00E+14
5.60E+11
2.00E+14
2.20E+14
5.00E+12
3.30E+13
2.50E+13
3.20E+12
1.50E+13
4.57E+16
1.00E+13
3.20E+10
6.00E+13
4.10E+08
3.20E+15
4.30E+14
2.00E+08
4.00E+12
2.00E+13
1.00E+13
5.00E+13
5.00E+13
411E+15
1.00E+13
2.00E+13
2.00E+13
7.00E+12
1.00E+13
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6100
20460
860
5120
5210
51000
7000
8290

8000
-1900

79350
96560
18280
1230
960
5000
740
6000
30120
61500
64700
11110
58000
38000
0

0

0
-350
10000
106840
7000
200
23660
1700
15000
12120
30100
28000
0

0
1500
1510
59270
0
2300
0
3010
0



139
140
141
142
143
144
145
146
147
148
149
150
161

162
183
154
166
156
157
158
159
160
161

162
163
164
165
166
167
168
169
170
171

172
173
174
175
176
177
178
179
180
181

182
183
184
185
186
187
188

HCCO+0O=CO+CO+H
HCCO+H=CH2+CO
HCCO+02=CO+CO+OH
HCCO+CH2=C2H+CH20
HCCO+CH2=C2H3+CO
CH3OH=CH3+OH
CH3OH+HO2=CH20H+H202
CH3OH+OH=CH20H+H20
CH3OH+0O=CH20OH+OH
CH3OH+H=CH20OH+H2
CH3OH+CH20=CH30+CH30
CH3OH+CH3=CH20OH+CH4
CH20H+M=CH20+H+M
CH20H+H=CH20+H2
CH20H+02=CH20+HO2
CH3CHO=CH3+HCO
CH3CHO+HO2=CH3+CO+H202
CH3CHO+OH=CH3+CO+H20
CH3CHO+0O=CH3+CO+OH
CH3CHO+H=CH3+CO+H2
CH3CHO+02=CH3+CO+HO2
CH3CHO+CH3=CH3+CO+CH4
C3H8=C2H5+CH3
C3H8+HO2=NC3H7+H202
C3H8+HO2=IC3H7+H202
C3H8+OH=NC3H7+H20
C3H8+OH=IC3H7+H20
C3H8+O=NC3H7+0OH
C3H8+0O=IC3H7+0OH
C3H8+H=NC3H7+H2
C3H8+H=IC3H7+H2
C3H8+02=NC3H7+HO2
C3H8+02=IC3H7+HO2
C3H8+IC3H7=NC3H7+C3H8
C3H8+AC3H5=NC3H7+C3H6
C3H8+AC3H5=IC3H7+C3H6
C3H8+C2H5=NC3H7+C2H6
C3H8+C2H5=IC3H7+C2H6
C3H8+C2H3=NC3H7+C2H4
C3H8+C2H3=IC3H7+C2H4
C3H8+CH30=NC3H7+CH30OH
C3H8+CH3O=IC3H7+CH3OH
C3H8+CH3=NC3H7+CH4
C3H8+CH3=IC3H7+CH4
NC3H7=C2H4+CH3
NC3H7=C3H6+H
NC3H7+02=C3H6+HO2
IC3H7=C2H4+CH3
C3H6+H=IC3H7
IC3H7+02=C3H6+HO2
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1.93E+14
3.00E+13
1.46E+12
1.00E+13
3.00E+13
6.00E+16
6.30E+12
1.00E+13
1.00E+13
4.00E+13
1.55E+12
1.82E+11
1.00E+14
3.00E+13
1.00E+13
2.00E+15
1.70E+12
1.00E+13
5.00E+12

-4.00E+13

2.00E+13
8.50E+11
7.94E+16
4.50E+11
2.00E+11
4,71E+05
3.58E+02
3.72E+06
5.50E+05
1.35E+14
2.00E+14
4.00E+13
4.00E+13
1.00E+11
7.94E+11
7.94E+11
3.16E+11
5.01E+10
1.00E+11
1.00E+11
3.18E+11
7.20E+10
3.00E+12
8.07E+11
3.00E+14
1.00E+14
1.00E+12
1.00E+14
3.00E+12
3.00E+12
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2500
2000

91060
19360
1700
4690
6100
79570
9800
25100

7170
79110
10700

1790
4210
42200
6000
85100
14900
12500
390
-1600
1390
790
9680
8300
47500
47500
12900
20500
16200
12300
10400
10400
10400
7050
4470
11710
10110
33220
37280
5000
45000
960
3000



189
190
191
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193
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197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

C3H6=AC3H5+H
C3H6=SC3H5+H
C3H6=C2H3+CH3
C3H6+HO2=C3H60O+OH
C3H6+HO2=AC3H5+H202
C3H6+HO2=SC3H5+H202
C3H6+HO2=TC3H5+H202
C3H6+0OH=AC3H5+H20
C3H6+0OH=SC3H5+H20
C3H6+0OH=C2H5+CH20
C3H6+0OH+0O2=CH3CHO+CH20+CH
C3H6+0=C2H5+HCO
C3H6+0=C2H4+CH20
C3H6+0=CH3+CH3+CO
C3H6+H=AC3H5+H2
C3H6+02=SC3H5+HO2
C3H6+02=TC3H5+HO2
C3H6+02=AC3H5+HO?2
C3H6+C2H5=AC3H5+C2H6
C3H6+CH3=AC3H5+CH4
C3H6+CH3=SC3H5+CH4
C3H6+CH3=TC3H5+CH4
C3H60=C2H6+CO
SC3H5=C2H2+CH3
SC3H5+02=CH3CHO+HCO
SC3H5+02=CH3+CO+CH20
AC3H5=AC3H4+H
AC3H5+H=AC3H4+H2
AC3H5+CH3=AC3H4+CH4
AC3H5+02+02=CO+0OH+CH20+CH20
TC3H5+02=CH3+CO+CH20
AC3H4+HO2=C2H4+CO+OH
AC3H4+HO2=C3H3+H202
AC3H4+OH=CH2CO+CH3
AC3H4+0OH=C2H4+HCO
AC3H4+0=CO+C2H4
AC3H4+H=TC3H5
AC3H4+H=SC3H5
PC3H4=AC3H4
PC3H4+OH=C3H3+H20
PC3H4+OH=CH2CO+CH3
PC3H4+0O=C2H2+H2+CO
PC3H4+H=TC3H5
PC3H4+H=SC3H5
C2H2+CH2=C3H3+H
C2H2+CH=C3H3
C3H3+H=PC3H4
C3H3+0=C2H3+CO
C3H3+02=CH2CO+HCO
C2H3+C2H4=C4H6+H
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1.00E+15
3.33E+14
7.00E+15
1.05E+12
1.50E+11
7.50E+09
3.00E+09
1.15E+13
9.00E+13
1.00E+13
3.00E+10
6.83E+04
6.83E+04
6.83E+04
2.50E+12
4.00E+13
4.00E+13
4.00E+13
1.00E+11

1.40E+11

6.60E+11

2.40E+11

1.26E+14
3.00E+10
3.00E+12
2.00E+12
8.91E+12
3.33E+12
5.00E+11

1.50E+13
3.20E+12
1.00E+12
3.00E+13
2.00E+12
1.00E+12
7.80E+12
8.50E+12
4.00E+12
7.76E+11

1.85E+12
4.50E+11

1.60E+13
6.63E+12
5.78E+12
1.80E+12
3.00E+13
2.00E+13
3.80E+13
3.01E+10
1.00E+12
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239 C2H2+C2H2=C4H3+H 2.00E+12 O 45900
240 C2H2+C2H=C4H2+H 3.80E+13 O 0
241 CAH3+M=C4H2+H+M 1.00E+16 0 569700
242 CAH2+M=CA4AH+H+M 3.50E+17 O 80000
243 CA4H7=C4H6+H 1.20E+14 0 49300
244 C4H7=C2H4+C2H3 1.00E+12 0O 28000
245 CA4H7+H=C4H6+H2 3.16E+13 O 0
246 CA4H7+02=C4H6+HO2 1.00E+11 O 0
247 CA4H7+C2H3=C4H6+C2H4 400E+12 O 0
248 CA4H7+C2H5=C4H6+C2H6 400E+12 O 0
249 C4H7+C2H5=PC4H8+C2H4 500E+11 O 0
250 C4H7+C2H5=TRAC4H8+C2H4 500E+11 O 0
251 CA4H6=C2H3+C2H3 3.98E+19 -1 98150
2562 CA4H6+0OH=C2H5+CH2CO 1.00E+12 O 0
253 CA4H6+OH=SC3H5+CH20 1.00E+12 O 0]
254 CA4H6+OH=CH3CHO+C2H3 1.00E+12 O 0
255 CA4H6+0=C2H4+CH2CO 1.00E+12 O 0
256 CA4H6+0=PC3H4+CH20 1.00E+12 O 0
257 PC4H8=CA4H7+H 4.08E+18 -1 97350
268 TRAC4H8=C4H7+H -407E+18 -1 97350
259 PCA4H8+H=C4H7+H2 1.00E+14 0 3900
260 TRACAH8+H=C4H7+H2 200E+14 0 3500
261 PC4H8+OH=C4H7+H20 1.41E+13 0 3060
262 TRAC4H8+OH=C4H7+H20 229E+13 0 3060
263 PC4H8+CH3=C4H7+CH4 1.00E+11 0 7300
264 TRACA4H8+CH3=C4H7+CH4 1.00E+11 O 8200
265 PC4H8+0O=C3H6+CH20 501E+12 O 0
266 TRACA4H8+O=IC3H7+HCO 603E+12 O 0
267 TRAC4H8+O=CH3CHO+C2H4 1.00E+12 O 0
268 PC4H8+OH=NC3H7+CH20 1.51E+12 O 0
269 TRAC4H8+OH=CH3CHO+C2H5 3.026+12 O 0
270 PCA4H8=AC3H5+CH3 1.00E+16 0 73400
271 PC4H8=C2H3+C2H5 1.00E+19 -1 96770
272 PC4H8+0O=CH3CHO+C2H4 1.50E+13 O 850
273 PC4H8+0=C2H5+CH3+CO 1.29e+13 O 850
274 PC4H8+OH=CH3CHO+C2Hb5 1.00E+11 O 0
275 PCA4H8+OH=C2H6+CH3+CO 1.00E+10 O 0
276 C2H5+CH3=C2H4+CH4 437E-04 5 8300
277 C2H3+CH3=C2H2+CH4 437E04 5 8300

NOTE : A units mole-cm-sec-K, E units

cal/mole
= . reversible reaction

=>: irreversible reaction

PC4H8: 1-butene

TRAC4HS: trans-2-butene
IC3H7: iso-propyl radical
NC3H7: npropyl radical
SC3H5: 2-methylvinyl radical
AC3HS: dllyl radical



TC3H5: 1-methylvinyl radical
PC3H4. propyne
AC3H4: allene
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Appendix 2.2 Isooctane chemical kinetic reaction mechanism

(k=AT**b exp(-E/RT))

REACTIONS CONSIDERED A b E Source/Modification
1 H+02=0+0OH 5.13E+16 -0.8 16510 # All reactions : Ref(49)
2 H2+0=H+OH 1.82E+10 1 8900 #(Reactions 351 - 455
3 H20+O=0OH+OH 6.76E+13 0 18350 # are reverse reactions
4 H20+H=H2+OH 9.55E+13 0 20300 # for reactions 244 - 350)
5 H202+0OH=H20+HO2 1.00E+13 0 1800
6 H20+M=H+OH+M 2.19E+16 0 105000
H20 Enhanced by 2.000E+01
7 H+O2+M=HO2+M 1.66E+16 0 -1000
H20 Enhanced by 2.100E+01
CO2 Enhanced by 5.000E+00
CO Enhanced by 2.000E+00
H2 Enhanced by 3.300E+00
8 HO2+0=0H+O2 .5.01E+13 0 1000
9 HO2+H=0OH+OH 2.51E+14 0 1900
10 HO2+H=H2+02 2.51E+13 0 700
11 HO2+OH=H20+02 5.01E+13 0 1000
12 H202+02=HO2+HO2 3.98E+13 0 42640
13 H202+M=OH+OH+M 1.20E+17 0 45500
H20 Enhanced by 6.000E+00
02 Enhanced by 7.800E-O1
H202 Enhanced by 6.600E+00
14 H202+H=HO2+H2 1.70E+12 0 3750
15 O+H+M=OH+M 1.00E+16 0 0
16 0O2+M=0+0O+M 5.13E+15 0 115000
17 H2+M=H+H+M 2.19E+14 0 96000
H20 Enhanced by 6.000E+00
H Enhanced by 2.000E+00
H2 Enhanced by 3.000E+00
18 CO+OH=CO2+H 151E+07 1.3 -770
19 CO+HO2=CO2+OH 1.51E+14 0 23650
20 CO+0O+M=CO2+M 5.89E+15 0 4100
21 CO2+0=CO+02 2.75E+12 0 43830
22 HCO+OH=CO+H20 1.00E+14 0 0
23 HCO+M=H+CO+M 1.45E+14 0 19000
24 HCO+H=CO+H2 2.00E+14 0 0
25 HCO+O=CO+OH 1.00E+14 0 0
26 HCO+HO2=CH20+02 1.00E+14 0 3000
27 HCO+02=CO+HO2 3.98E+12 0 0
28 CH20+M=HCO+H+M 3.31E+16 0 81000
29 CH20+OH=HCO+H20 7.59E+12 0 170
30 CH20+H=HCO+H2 3.31E+14 0 10500
31 CH20+0O=HCO+OH 5.01E+13 0 4600
32 CH20+HO2=HCO+H202 2.00E+11 0 8000
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33
34
35
36
37
38
39
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41
42
43
a4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

CH4+M=CH3+H+M
CH4+H=CH3+H2
CH4+0OH=CH3+H20
CH4+0O=CH3+OH
CH4+HO2=CH3+H202
CH3+HO2=CH30+OH
CH3+0OH=CH20+H2
CH3+0=CH20+H
CH3+02=CH30+0O
CH20+CH3=CH4+HCO
CH3+HCO=CH4+CO
CH3+HO2=CH4+02
CH30+M=CH20+H+M
CH30+02=CH20+HO2
C2H6=CH3+CH3
C2H6+CH3=C2H5+CH4
C2H6+H=C2H5+H2
C2H6+0OH=C2H5+H20
C2H6+0=C2H5+0OH
C2H5+M=C2H4+H+M
C2H5+02=C2H4+HO2
C2H4+C2H4=C2H5+C2H3
C2H4+M=C2H2+H2
C2H4+M=C2H3+H+M
C2H4+0O=CH3+HCO
C2H4+0=CH20+CH2
C2H4+H=C2H3+H2
C2H4+OH=C2H3+H20
C2H4+0OH=CH3+CH20
C2H3+M=C2H2+H+M
C2H3+02=C2H2+HO2
C2H2+M=C2H+H+M
C2H2+02=HCO+HCO
C2H2+H=C2H+H2
C2H2+OH=C2H+H20
C2H2+OH=CH2CO+H
C2H2+0=C2H+OH
C2H2+0=CH2+CO
C2H+02=HCO+CO
C2H+0O=CO+CH
CH2+02=HCO+OH
CH2+O=CH+OH
CH2+H=CH+H2
CH2+OH=CH+H20
CH+02=CO+OH
CH+O2=HCO+O
CH30OH+M=CH3+OH+M
CH30OH+OH=CH20H+H20
CH30OH+O=CH20H+OCH
CH3OH+H=CH20H+H2
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1.41E+17
1.26E+14
3.47E+03
2.14E+06
2.00E+13
3.24E+13
3.98E+12
1.29E+14
4.79E+13
1.00E+10
3.02E+11
1.00E+12
5.01E+13
7.59E+10
2.24E+19
5.50E-01
5.37E+02
8.71E+09
1.12E+14

-2.00E+15

1.00E+12
5.01E+14
9.33E+16
6.31E+18
3.31E+12
2.51E+13
1.51E+07
4.79E+12
2.00E+12
7.94E+14
1.00E+12
1.00E+14
3.98E+12
2.00E+14
6.03E+12
3.24E+11
3.24E+15
6.76E+13
1.00E+13
5.01E+13
1.00E+14
1.91E+11
2.69E+11
2.69E+11
1.35E+11
1.00E+13
3.02E+18
3.98E+12
1.70E+12
3.02E+13
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88400
11900
2000
6480
18000
0

0
2000
29000
6000
0
400
21000
2700
88310
8280
5200
1810
7850
30000
5000
64700
77200
108720
1130
5000
6000
1230
960
31500
10000
114000
28000
19000
7000
200
17000
4000
7000
0
3700
25000
25700
25700
25700
0
80000
1370
2290
7000



83
84
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86
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95
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99
100
101
102
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104
105
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108
109
110
i
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

CH3OH+H=CH3+H20
CH3OH+CH3=CH20OH+CH4
CH3OH+HO2=CH20H+H202
CH20H+M=CH20+H+M
CH20H+02=CH20+HO?2
C2H2+C2H2=C4H3+H
C4H3+M=C4H2+H+M
C2H2+C2H=C4H2+H
C4H2+M=C4H+H+M
C2H3+H=C2H2+H2
C3H8=CH3+C2H5
CH3+C3H8=CH4+IC3H7
CH3+C3H8=CH4+NC3H7
H+C3H8=H2+IC3H7
H+C3H8=H2+NC3H7
IC3H7=H+C3H6
IC3H7=CH3+C2H4
NC3H7=CH3+C2H4
NC3H7=H+C3H6
IC3H7+C3H8=NC3H7+C3H8
C2H3+C3H8=C2H4+IC3H7
C2H3+C3H8=C2H4+NC3H7
C2H5+C3H8=C2H6+IC3H7
C2H5+C3H8=C2H6+NC3H7
C3H8+0O=IC3H7+OH
C3H8+O=NC3H7+OH
C3H8+OH=IC3H7+H20
C3H8+OH=NC3H7+H20
C3H8+HO2=IC3H7+H202
C3H8+HO2=NC3H7+H202
C3H6+0=C2H4+CH20
IC3H7+02=C3H6+HO?2
NC3H7+02=C3H6+HO2
C3H8+02=IC3H7+HO2
C3H8+02=NC3H7+HO2
C3H6+0OH=C2H5+CH20
C3H6+0O=C2H5+HCO
C3H6+OH=CH3+CH3CHO
C3H6+0=CH3+CH3CO
CH3CHO+H=CH3CO+H2
CH3CHO+OH=CH3CO+H20
CH3CHO+O=CH3CO+OH
CH3CHO+CH3=CH3CO+CH4
CH3CHO+HO2=CH3CO+H202
CH3CHO=CH3+HCO
CH3CHO+02=CH3CO+HO2
CH3CO+M=CH3+CO+M
C3H6+H=C3H5+H2
C3H6+CH3=C3H5+CH4
C3H6+C2H5=C3H5+C2H6

5.25E+12
1.82E+11
6.31E+12
2.51E+13
8.31E+11
1.00E+13
1.00E+16
3.98E+13
3.47E+17
2.00E+13
1.70E+16
1.10E+15
1.10E+15
8.71E+06
5.62E+07
6.31E+13
2.00E+10
9.55E+13
1.26E+14

-3.02E+10

1.00E+11

1.00E+11

1.00E+11

1.00E+11

2.81E+13
1.12E+14
4.79E+08
5.75E+08
3.39E+12
1.12E+13
6.76E+04
1.00E+12
1.00E+12
3.98E+13
3.98E+13
1.00E+12
6.76E+04
1.00E+12
6.67E+04
3.98E+13
1.00E+13
5.01E+12
1.73E+12
1.70E+12
7.08E+15
2.00E+13
4.37E+15
5.01E+12
1.58E+12
1.00E+11
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5340
9800
19360
29000

45000
60000

80000

2500
84840
25140
25140

7700
36900
29500
31000
37000
12900
10400
10400
10400
10400

5200

7850

850
850
17000
19400
-1130

5000

5000
47500
47500

-1130

-1130
4200

1790
8440
10700
81780
42200
10500
1600
8800
9800



133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
160
161
152
183
154
185
166
167
158
189
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

C3H6+OH=C3H5+H20
C3H8+C3H5=IC3H7+C3H6
C3H8+C3H5=NC3H7+C3H6
C3H5=C3H4+H
C3H5+02=C3H4+HO2
PC4H8=C3H5+CH3
PC4H8=C2H3+C2H5
PC4H8+O=CH3CHO+C2H4
PC4H8+O=CH3CO+C2H5
PC4H8+OH=CH3CHO+C2H5
PCA4H8+OH=CH3CO+C2H6
C3H4+0O=CH20+C2H2
C3H4+0O=HCO+C2H3
C3H4+OH=CH20+C2H3
C3H4+OH=HCO+C2H4
C3H6=C3H5+H
C2H2+O=HCCO+H
CH2CO+H=CH3+CO
CH2CO+0O=HCO+HCO
CH2CO+0OH=CH20+HCO
CH2CO+M=CH2+CO+M
CH2CO+0O=HCCO+OH
CH2CO+0OH=HCCO+H20
CH2CO+H=HCCO+H2
HCCO+OH=HCO+HCO
HCCO+H=CH2+CO
HCCO+0O=HCO+CO
C3H6=C2H3+CH3
C3H5+H=C3H4+H2
C3H5+CH3=C3H4+CH4
C2H6+02=C2H5+HO2
C2H6+HO2=C2H5+H202
CH3+C2H3=CH4+C2H2
CH3+C2H5=CH4+C2H4
C2H5+C3H5=C3H6+C2H4
C2H5+C2H5=C2H6+C2H4
CH3OH+CH20=CH30+CH30
CH20+CH30=CH30OH+HCO
CH4+CH30=CH30H+CH3
C2H6+CH30=CH3OH+C2H5
C3H8+CH30O=CH3OH+IC3H7
C3H8+CH30=CH30OH+NC3H7
C4H10=C2H5+C2H5
C4H10=NC3H7+CH3
C4H10+02=PC4H9+HO2
C4H10+02=SC4H9+HO2
C4H10+H=PC4H9+H2
C4H10+H=SC4H9+H2
CA4H10+0OH=PC4H9+H20
C4H10+0OH=SC4H9+H20
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1.00E+13
2.00E+11
7.94E+11
3.98E+13
6.03E+11
1.51E+19
1.00E+19
1.29E+13
1.29E+13
1.00E+11
1.00E+10
1.00E+12
1.00E+12
1.00E+12
1.00E+12
1.00E+13
3.56E+04
1.10E+13
1.00E+13

-2.82E+13

2.00E+16
S5.01E+13
7.59E+12
7.59E+13
1.00E+13
5.01E+13
3.39E+13
6.31E+15
1.00E+13
1.00E+12
1.00E+13
1.12E+13
1.00E+12
7.94E+11
1.26E+12
S.01E+11
1.55E+12
6.03E+11
2.00E+11
3.02E+11
3.02E+11
3.02E+11
2.00E+16
1.00E+17
2.51E+13
3.98E+13
5.62E+07
1.74E407
8.71E+09
2.57E+09
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3060
16100
20500
70000
10000
73400
96770
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3400
2400

81300
85400
49000
47600

7700
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183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
22]
222
223
224
225
226
227
228
229
230
231
232

C4H10+O=PC4H9+OH
C4H10+O=SC4H9+OH
C4H10+CH3=PC4H9+CH4
C4H10+CH3=SC4H9+CH4
C4H10+C2H3=PC4H9+C2H4
C4H10+C2H3=SC4H9+C2H4
C4H10+C2H5=PC4H9+C2H6
C4H10+C2H5=SC4H9+C2H6
C4H10+C3H5=PC4H9+C3H6
C4H10+C3H5=SC4H9+C3H6
C4H10+HO2=PC4H9+H202
C4H10+HO2=SC4H9+H202

C4H10+CH30=PC4H9+CH3OH
C4H10+CH30=SC4H9+CH3O0H

PC4H9=C2H5+C2H4
PCAH9=PC4H8+H
PC4H9+0O2=PC4H8+HO2
SC4H9=SC4H8+H
SC4H9=PC4H8+H
SC4H9=C3H6+CH3
SC4H9+O2=PC4H8+HO2
SC4HP+0O2=SC4H8+HO2
PC4H8=C4H7+H
SC4H8=CA4H7+H
PC4H8+H=C4H7+H2
SC4H8+H=C4H7+H2
PC4H8+OH=C4H7+H20
SC4H8+OH=C4H7+H20
PC4H8+CH3=C4H7+CH4
SC4H8+CH3=C4H7+CH4
PC4H8+0=C3H6+CH20
SC4H8+0O=IC3H7+HCO
SC4H8+0O=C2H4+CH3CHO
PC4H8+OH=NC3H7+CH20
SC4H8+0OH=C2H5+CH3CHO
C4H7=C4H6+H
C4H7=C2H4+C2H3
C4H7+02=C4H6+HO2
CA4H7+H=C4H6+H2
C4H7+C2H3=C4H6+C2H4
C4H7+C2H5=C4H6+C2H6
C4H7+C2H5=PC4H8+C2H4
C4H7+C2H5=SC4H8+C2H4
C4H7+C3H5=C4H6+C3H6
C4H6=C2H3+C2H3
C4H6+0OH=C2H5+CH2CO
C4H6+0OH=C3H5+CH20
C4H6+0OH=C2H3+CH3CHO
C4H6+0=C2H4+CH2CO
C4H6+0=C3H4+CH20
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1.12E+14
5.62E+13
1.29E+12
7.94E+11
1.00E+12
7.94E+11
1.00E+11
1.00E+11
7.94E+11
3.16E+11
1.12E+13
6.76E+12
3.02E+11
6.03E+11
2.51E+13
1.26E+13
1.00E+12
5.01E+12
2.00E+13

- 2.00E+14

1.00E+12
2.00E+12
4,07E+18

. 407E+18

5.01E+13
5.01E+13
1.41E+13
2.29E+13
1.00E+11

1.00E+11

5.01E+12
6.03E+12
1.00E+12
1.51E+12
3.02E+12
1.20E+14
1.00E+11

1.00E+11

3.16E+13
3.98E+12
3.98E+12
5.01E+11

5.01E+11

6.31E+12
3.98E+19
1.00E+12
1.00E+12
1.00E+12
1.00E+12
1.00E+12
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17000
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4250
97350
97350
3900
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3060
3060
7300
8200
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233 C2H3+C2H4=CA4H6+H 5.01E+11 0 7300
234 CBH10=CH3+C4H7 1.00E+19 -1 81550
235 C5H10+0=PC4H8+CH20 8.51E+12 0 0
236 C5H10+0=C3H6+CH3CHO 8.51E+12 0 0
237 C5H10+OH=PC4H9+CH20 1.00E+12 0 0
238 C5H10+0OH=NC3H7+CH3CHO 1.00E+12 0 0
239 C2H5+H=CH3+CH3 3.16E+13 0 0
240 CH30OH+02=CH20H+HO?2 3.98E+13 0 50900
241 C2H4+02=C2H3+HO2 3.98E+13 0 61500
242 C2HA4A+CH3=C2H3+CH4 1.00E+13 0 13000
243 C3H6+02=C3H5+HO2 1.00E+14 0 39000
244 |1C8H18=>TCAH9+IC4H9 2.00E+16 0 78000
245 IC8H18=>IC3H7+NEOCS5H11 2.00E+16 0 78000
246 1C8H18+H=>AC8H17+H2 8.51E+407 2 7700
247 IC8H18+H=>BC8H17+H2 8.91E+06 2 5000
248 I1C8H18+H=>CC8H17+H2 1.26E+13 0 7300
249 IC8H18+H=>DC8H17+H2 5.62E+07 2 7700
250 IC8H18+O=>AC8H17+0OH 1.51E+14 0 7850
251 IC8H18+0O=>BC8H17+0OH 2.82E+13 0 5200
252 IC8H18+0O=>CC8H17+0OH -1.00E+13 0 3280
253 IC8H18+0O=>DC8H17+0OH 1.00E+14 0 7880
254 IC8H18+0OH=>AC8H17+H20 1.29E+10 1.1 1810
265 IC8H18+OH=>BC8H17+H20 1.29E4+09 1.3 700
256 IC8H18+OH=>CC8H17+H20 1.95E+12 0 440
257 IC8H18+OH=>DC8H17+H20 871E+09 1.1 1810
258 IC8H18+02=>AC8H17+HO2 3.72E+13 0 49000
259 IC8H18+02=>BC8H17+HO2 2.00E+13 0 48000
260 IC8H18+02=>CC8H17+HO2 2.00E+12 0 46000
261 IC8H18+02=>DC8H17+HO?2 2.51E+13 0 49000
262 |IC8H18+HO2=>AC8H17+H202 1.70E+13 0 19400
263 IC8H18+HO2=>BC8H17+H202 3.39E+12 0 17000
264 |IC8H18+HO2=>CC8H17+H202 3.02E+12 0 14400
265 [IC8H18+HO2=>DC8H17+H202 1.12E+13 0 19400
266 IC8H18+CH3=>AC8H17+CH4 1.17E+13 0 11600
267 |C8H18+CH3=>BC8H17+CH4 2.40E+12 0 9500
268 |C8H18+CH3=>CC8H17+CH4 2.00E+11 o 7900
269 IC8H18+CH3=>DC8H17+CH4 7.76E+12 0 11600
270 ACB8H17=>AC7H14+CH3 1.00E+10 0 26000
271  ACB8H17=>IC4H8+IC4H9 1.29E+13 0 29500
272 BC8H17=>CC7H14+CH3 1.00E+13 0 26000
273 CC8H17=>IC4H8+IC4H9 5.01E+12 0 29000
274 CC8H17=>IC8H16+H 1.00E+13 0 38000
275 DC8H17=>AC7H14+CH3 1.26E+13 0 32800
276 DCB8H17=>C3H6+NEOC5H11 1.29E+13 0 29500
277 DC8H17=>IC8H16+H 3.31E+13 0 36000
278 AC8H17+02=>IC8H16+HO2 1.51E+10 0 10000
279 BC8H17+02=>IC8H16+HO2 1.00E+10 0 10000
280 CC8H17+02=>IC8H16+HO2 1.00E+10 0 10000
281 DCB8H17+02=>IC8H16+HO2 1.00E+10 0 10000
282 IC8H16+0O=>IC4H8+IC4H7+OH 2.82E+13 0 5200 # no reverse reacton
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283
284
285
286
287
288
289
290
291

292
293
294
295
296
297
298
299
300
301

302
303
304
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307
308
309
310
311

312
313
314
315
316
317
318
319
320
321

322
323
324
325
326
327
328
329
330
331

332

IC8H16+0OH=>IC4H8+IC4H7+H20
IC8H16+0=>IC7H15+HCO
IC7H15=>IC4H8+IC3H7
IC7H16=>AC7H14+H
IC7H15=>TC4H9+C3H6
IC7H15=>CC7H14+H
AC7H14+H=>IC7H13+H2
CC7H14+H=>IC7H13+H2
AC7H14+0=>IC7H13+0OH
CC7H14+0=>IC7H13+OH
AC7H14+0OH=>IC7H13+H20
CC7H14+0OH=>IC7H13+H20
AC7H14+0=>IC6H13+HCO
CC7H14+O=>NEOC5H11+CH3CO
AC7H14+0OH=>IC6H13+CH20
CC7H14+OH=>NEOC5H11+CH3CHO
IC8H16=>ICAH7+TC4H9
IC8H16=>C6H11+C2H5
ACT7H14=>IC4H7+IC3H7
AC7H14=>TC4H9+C3H5
CC7H14=>C6H11+CH3
IC8H16+OH=>IC7H15+CH20
IC7H13=>IC4H8+C3H5
IC7H13=>IC4H7+C3H6
IC7H13=>C6H10+CH3
IC6H13=>IC3H7+C3H6
IC6H13=>TCAH9+C2H4
IC6H13=>IC4H9+C2H4
C6H11=>C3H5+C3H6
CO6H11=>C6H10+H
C6H11+02=>C6H10+HO2
C6H10=>C3H5+C3H5
NEOCS5H11=>IC4H8+CH3
IC4H10=>IC3H7+CH3
IC4H10=>TC4HO+H
IC4H10=>IC4H9+H
IC4H10+H=>TC4H9+H2
IC4H10+H=>IC4H9+H2
IC4H10+OH=>TC4H9+H20
IC4H10+OH=>IC4H9+H20
IC4H10+0=>TC4H9+OH
IC4H10+O=>IC4H9+OH
IC4H10+CH3=>TC4H9+CH4
IC4H10+CH3=>IC4H9+CH4
IC4H10+HO2=>TC4H9+H202
IC4H10+HO2=>IC4H9+H202
IC4H10+02=>TC4H9+HO2
IC4H10+02=>IC4H9+HO2
IC4H104+C2H5=>TC4H9+C2H6
IC4H10+C2H5=>IC4H9+C2H6
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1.29E+09
1.00E+11
2.51E+13
3.98E+13
2.51E+13
3.98E+13
2.82E+13
5.62E+13
5.13E+05
5.13E+05
1.35E+14
1.35E+14
2.00E+11
1.00E+11
1.00E+11
1.00E+11
2.51E+16
2.51E+16
5.01E+16

-2.51E+16

2.51E+16
1.00E+11

5.01E+13
5.01E+13
2.00E+14
2.51E+13
2.51E+13
251E+13
2.51E+13
1.26E+14
1.00E+11

2.51E+14
1.00E+11

2.00E+17
1.00E+15
1.00E+15
1.26E+14
1.00E+14
1.95E+12
4.90E+03
1.10E+13
3.16E+13
1.00E+11

8.91E+11

3.16E+12
1.70E+13
2.00E+12
3.72E+13
1.00E+11

1.51E+12

NN

cRoNoRoNoNoNoNoNolofiNoNoNoloNoRoloNoNololoNoNoNoloNoRoNoNoNoNoNoloNoRoRuloRoRoR R o loloRo R o Ne N R

700 # no reverse reacton

0
28000
40000
28200
40400
4000
4000
-1100
-1100
3100
3100



333
334
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338
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369
370
371
372
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374
375
376
377
378
379
380
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382

IC4H9=>C3H6+CH3
ICAH9=>IC4H8+H
TC4H9=>IC4H8+H
TCAH9=>C3H6+CH3
TCAH9+02=>IC4H8+HO2
IC4AH9+O2=>IC4H8+HO2
IC4H8=>C3H5+CH3
(C4H8=>IC4H7+H
ICAH8+H=>IC4H7+H2
IC4H8+O=>IC4H7+OH
IC4H8+OH=>IC4H7+H20
IC4H8+O=>IC3H7+HCO
IC4H8+OH=>IC3H7+CH20
IC4H8+CH3=>IC4H7+CH4
IC4H7=>C3H4+CH3
C2H3+02=>CH20+HCO
ACB8H17=>DC8H17
AC8H17=>CC8H17
TCAHO+IC4H9=>IC8H18
IC3H7+NEOCSEH11=>IC8H18
AC8H17+H2=>IC8H18+H
BC8H17+H2=>IC8H18+H
CC8H17+H2=>IC8H18+H
DC8H17+H2=>IC8H18+H
AC8H17+0OH=>IC8H18+0O
BC8H17+OH=>IC8H18+0O
CC8H17+0OH=>IC8H18+O
DC8H17+OH=>IC8H18+0O
ACB8H17+H20=>IC8H18+0OH
BC8H17+H20=>IC8H18+0OH
CC8H17+H20=>IC8H18+0OH
DC8H17+H20=>IC8H18+0OH
AC8H17+HO2=>IC8H18+02
BC8H17+HO2=>IC8H18+02
CC8H17+HO2=>IC8H18+02
DC8H17+HO2=>|C8H18+02
AC8H17+H202=>IC8H18+HO2
BC8H17+H202=>IC8H18+HO2
CC8H17+H202=>IC8H18+HO2
DC8H17+H202=>IC8H18+HO2
AC8H17+CH4=>IC8H18+CH3
BC8H17+CH4=>IC8H18+CH3
CC8H17+CH4=>IC8H18+CH3
DC8H17+CH4=>IC8H18+CH3
AC7H14+CH3=>AC8H17
ICAH8+ICAH9=>AC8H17
CC7H14+CH3=>BC8H17
IC4H8+ICAH9=>CC8H17
IC8H16+H=>CC8H17
AC7H14+CH3=>DC8H17
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1.00E+14
3.31E+14
1.00E+15
1.68E+15
1.00E+12
1.00E+12
1.51E+19
1.00E+17
1.00E+13
2.51E+05
1.91E+12
7.24E+05
1.51E+12
6.03E+11
1.00E+13
3.98E+12
6.03E+11
1.00E+11
1.00E+12
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1.00E+12
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1.00E+12
1.00E+12
2.00E+12
5.01E+12
2.00E+12
2.00E+12
1.00E+12
1.00E+12
1.00E+12
1.00E+12
1.00E+12
1.00E+12
1.00E+12
1.00E+12
6.31E+09
1.00E+11
6.31E+10
6.03E+10
1.00E+10
1.58E+10
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383
384
385
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C3H6+NEOCSH11=>DC8H17
IC8H16+H=>DC8H17
IC8H16+HO2=>AC8H17+02
IC8H16+HO2=>BC8H17+02
IC8H16+HO2=>CC8H17+02
IC8H16+HO2=>DC8H17+02
IC7H15+HCO=>IC8H16+0O
ICAH8+IC3H7=>IC7H15
AC7H14+H=>IC7H15
TC4H9+C3H6=>IC7H15
CC7H14+H=>IC7H15
IC7H13+H2=>AC7H14+H
IC7H13+H2=>CC7H14+H
IC7H13+OH=>AC7H14+0O
IC7H13+OH=>CC7H14+0O
IC7H13+H20=>AC7H14+OH
IC7H13+H20=>CC7H14+0OH
IC6H13+HCO=>AC7H14+0O

NEOCSH11+CH3CO=>CC7H14+0O

IC6H13+CH20=>AC7H14+0OH

NEOCSH11+CH3CHO=>CC7H14+0OH

IC4H7+TCAH9=>IC8H16
CO6H11+C2H5=>IC8H16
IC4H7+IC3H7=>AC7H14
TCAH9+C3H5=>AC7H14
C6H11+CH3=>CC7H14
IC7H15+CH20=>IC8H16+0OH
IC4H8+C3H5=>IC7H13
IC4H7+C3H6=>IC7H13
C6H10+CH3=>IC7H13
IC3H7+C3H6=>IC6H13
TCAH9+C2H4=>IC6H13
IC4H9+C2H4=>IC6H13
C3H5+C3H6=>C6H11
C6H10+H=>C6H11
C6H10+4HO2=>C6H11+02
C3H5+C3H5=>C6H10
IC4H8+CH3=>NEOC5H11
IC3H7+CH3=>IC4H10
TCAH9+H=>IC4H10
IC4H9+H=>IC4H10
TCAH9+H2=>IC4H10+H
ICAH9+H2=>IC4H10+H
TC4H9+H20=>IC4H10+0OH
IC4H9+H20=>IC4H10+OH
TC4AH9+OH=>IC4H10+0O
IC4H9+OH=>IC4H10+O
TCAH9+CHA4=>IC4H10+CH3
ICAH9+CH4=>IC4H10+CH3
TCAH9+H202=>IC4H10+HO2
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1.00E+10
1.00E+09
2.00E+11
2.00E+11
2.00E+11
2.00E+11
1.00E+10
3.98E+10
1.58E+13
1.20E+11
1.58E+13
1.00E+12
2.00E+12
1.41E+12
1.41E+12
1.00E+13
1.00E+13
1.00E+12
1.00E+12

-5.01E+12

1.00E+12
1.00E+13
1.00E+13
1.00E+13
1.00E+13
1.00E+13
1.00E+12
1.26E+11

1.26E+11

6.46E+11

3.98E+10
3.98E+10
3.98E+10
6.31E+10
7.94E+12
1.00E+11

6.31E+12
1.00E+11

1.58E+13
1.00E+11

1.00E+11

1.00E+12
3.16E+12
3.98E+12
8.91E+03
2.00E+12
2.00E+12
2.00E+11

2.00E+1
3.16E+12
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7000

1200
20000
20000
20000
20500
30000

6900

1200

8000

1200
14000
14000
30000
30000
27000
27000
30000
30000
27000
27000

3
§oooooo

17000
9100
6900
6900
6900

17000
1200

17000

7200

16000
15700
22000
20800
9600
9600
21000
15000
7400



433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

[C4H9+H202=>IC4H10+HO?2
TCAHY+HO2=>IC4H10+0O2
IC4H9+HO2=>IC4H10+02
TCAH9+C2H6=>IC4H10+C2H5
|CAH9+C2H6=>IC4H10+C2H5
C3H6+CH3=>IC4H9
IC4AH8+H=>IC4H9
IC4AH8+H=>TC4H9
C3H6+CH3=>TC4H9
ICAH8+HO2=>TC4H9+0O2
IC4H8+HO2=>IC4H9+O2
C3H5+CH3=>IC4H8

IC4H7 +H=>IC4H8

ICAH7 +H2=>IC4H8+H
IC4H7+OH=>IC4H8+0O
IC4H7+H20=>IC4H8+0OH
IC3H7+HCO=>IC4H8+0O
IC3H7+CH20=>IC4H8+OH
IC4H7+CHA4=>IC4H8+CH3
C3H4+CH3=>IC4H7
CH20+HCO=>C2H3+02
DC8H17=>AC8H17
CC8H17=>AC8H17

3.16E+12
2.00E+12
2.00E+12
3.02E+11
3.16E+11
3.16E+11
1.00E+13
3.16E+13
1.00E+11
2.00E+11
2.00E+11
3.98E+12
2.00E+13
3.02E+13
7.08E+11
4.79E+12
2.00E+05
1.95E+13
6.03E+11

-2.00E+11

3.98E+12
8.91E+11
8.91E+11

cNololololoR.iRoReoNoNoNoNoNoNoNoNoNoNoNoNeNe o)

7400
2000
2000
21000
12300
9100
1200
1500
7000
17500
17500

25000
29900
26470
80280
13230
29900

7500
86300
14100
21100

NOTE : A units mole-cm-sec-K, E units cal/mole
= : reversible reaction
=>: irreversible reaction

AC8H17: primary iso-octyl radical
BC8H17: secondary iso-octyl radical
CC8H17: tertiary iso-octyl radical
DC8H17: primary iso-octyl radical
IC8H16: 2,4,4-trimethyl-2-pentene
IC7H15: 2,4-dimethyl-1-pentyi radical
AC7H14: 2,4-dimethyl-2-pentene
CC7H14: 4,4-dimethyl-2-pentene
IC4H9: isobuty! radical

PC4H9: primary butyl radical
SC4H9: secondary butyl radical
TC4H9: tertiary butyl radical

PC4H8: 1-butene

SC4H8: 2-butene

IC3H7: iso-propyl radical

NC3H7: n-propyl radical
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Appendix 2.3 Ethane (ethylene) chemical kinetic reaction mechanism

(k= AT"*b exp(-E/RT))

REACTIONS CONSIDERED A b E Source/Modification
1 H+H+M=H2+M 731E+17 -] 0 # All Reactions : Ref(51)
2 O+0O+M=02+M 1.14E+17 -1 0
3 O+H+M=OH+M 6.20E+16 -0.6 0
4 H2+02=0H+OH 1.70E+13 0 47780
5 O+H2=0OH+H 3.87E+04 2.7 6260
6 H+O2=0H+O 1.90E+14 0 16812
7  H+O2+M=HO2+M 8.00E+17 -0.8 0
8 H+OH+M=H20+M 8.62E+21 -2 0
9 H2+OH=H20+H 2.16E+08 1.5 3430
10 H20+0=0H+OH 1.80E+10 1.1 17260
11 HO2+OH=H20+02 289E+13 0  -497
12 HO2+O=0H+02 1.81E+13 0  -400
13 H+HO2=H2+0O2 A422E+13 0 141
14  H+HO2=0OH+OH 495E+13 O 143
16 H+HO2=H20+O 1.18E+14 0 2730
16 HO2+HO2=H202+02 1.46E+13 .0 5088
17 OH+OH=H202 1.56E+16 -1.5 149
18  H202+OH=HO2+H20 1.78E+12 O 326
19 H202+H=HO2+H2 1.70e+12 0 3750
20 H202+H=H20+OH 1.00E+13 0 3590
21 H202+0O=HO2+OH 280E+13 0 6400
22 CO+HO2=CO2+OH 1.50E+14 0 23650
23 CO+0OH=CO2+H 440E406 1.5 -740
24 CO+O0O+M=CO2+M 283E+13 0 -4540
25 CO+02=C0O2+0O 253E+12 0 47700
26 HCO+M=H+CO+M 1.86E+17 -1 17000
27 HCO+OH=CO+H20 1.00E+14 O 0
28 HCO+O=CO+OH 3.00E+13 O 0
29 HCO+O=CO2+H 3.00E+13 O 0
30 HCO+H=CO+H2 722E+13 O 0
31 HCO+02=CO+HO2 4.22E+12 O 0
32 HCO+CH3=CO+CH4 120E+14 O 0
33 HCO+HO2=CO2+OH+H 3.00E+13 O 0
34 HCO+C2H6=CH20+C2H5 4.70E+04 2.7 18235
35 HCO+HCO=CH20+CO 1.80E+13 O 0
36 HCO+HCO=H2+CO+CO 3.00E+12 O 0
37 CH4=CH3+H 5.99E+30 -4.9 108553
38 CH4+HO2=CH3+H202 1.12E+13 0 24641
39 CH4+OH=CH3+H20 1.56E+07 1.8 2774
40 CH4+O=CH3+OH 6.92E+08 1.6 8486
41 CHA4+H=CH3+H2 8.58E+03 3.1 7941
42 CHA4+CH2=CH3+CH3 430E+12 O 10038
43 CH3+M=CH2+H+M 1.90E+16 0 91600
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93

CH3+HO2=CH30+OH
CH4+02=CH3+HO2
CH3+OH=CH20H+H
CH3+OH=CH30O+H
CH3+OH=CH2+H20
CH3+OH=CH20+H2
CH3+O=CH20+H
CH3+H=CH2+H2
CH3+02=CH30+0O
CH3+02=CH20+0OH
CH3+CH3=C2H5+H
CH3+CH3=C2H6
CH3+CH30=CH4+CH20
CH3+CH20H=CH4+CH20
CH2+OH=CH+H20
CH2+0OH=CH20+H
CH2+O=CO+H+H
CH2+0O=CO+H2
CH2+H=CH+H2
CH2+02=HCO+OH
CH2+02=C0O2+H2
CH2+02=CO2+H+H
CH2+02=CO+H20
CH2+02=CO+OH+H
CH2+02=CH20+0O
CH2+C0O2=CH20+CO
CH2+CH2=C2H2+H2
CH2+CH3=C2H4+H
CH2+CH=C2H2+H
CH2+C2H2=H+C3H3
CH2+C2H4=C3H6
CH2+C2H6=CH3+C2H5
CH2+C3H8=CH3+IC3H7
CH2+C3H8=CH3+NC3H7
CH+OH=HCO+H
CH+0O=CO+H
CH+02=HCO+0O
CH+0O2=C0O+0OH
CH+CQO2=HCO+CO
CH+CH4=C2H4+H
CH+CH3=C2H3+H
CH3O+M=CH20+H+M
CH30+HO2=CH20+H202
CH30O+0OH=CH20+H20
CH30+0O=CH20+0OH
CH30+H=CH20+H2
CH30+02=CH20+HO?2

CH30+CH20=CH3OH+HCO

CH30O+CO=CH3+CO2
CH30O+HCO=CH3OH+CO

4,00E+13
7.63E+13
2.64E+19
5.74E+12
8.90E+18
3.19E+12
8.43E+13
7.00E+13
6.00E+12
3.05E+30
3.01E+13
2.39E+38
241E+13
241E+12
1.13E+07
2.50E+13
9.08E+13
3.89E+13
5.52E+12
4.30E+10
6.90E+11
1.60E+12
1.87E+10
8.64E+10
1.00E+14
1.10E+11
3.20E+13
4.00E+13
4,00E+13
1.20E+13
4.30E+12
6.50E+12
2.19E+12
1.79E+12
3.00E+13
1.00E+14
3.30E+13
2.00E+13
3.40E+12
6.00E+13
3.00E+13
4.88E+15
3.00E+11
1.00E+13
1.30E+13
2.00E+13
2.35E+10
1.15E+11
1.57E+13
9.00E+13
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94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143

CH30+C2H5=CH20+C2H6
CH30+C2H3=CH20+C2H4
CH30+C2H4=CH20+C2H5
CH20+M=HCO+H+M
CH20+HO2=HCO+H202
CH20+OH=HCO+H20
CH20+0=HCO+OH
CH20+H=HCO+H2
CH20+02=HCO+HO2
CH20+CH3=HCO+CH4
C2H6=C2H5+H
C2H6+HO2=C2H5+H202
C2H6+OH=C2H5+H20
C2H6+0O=C2H5+OH
C2H6+H=C2H5+H2
C2H6+02=C2H5+HO2
C2H6+CH30=C2H5+CH30H
C2H6+CH3=C2H5+CH4
C2H5+HO2=C2H4+H202
C2H5+HO2=>CH3+CH20+OH
C2H5+OH=C2H4+H20
C2H5+OH=>CH3+CH20+H
C2H5+0O=CH20+CH3
C2H5+O=CH3CHO+H
C2H5+0O=C2H4+OH
C2H5+H=C2H4+H?2
C2H5+02=C2H4+HO?2
C2H5+CH3=C2H4+CH4
C2H5+C2H5=C2H4+C2H6
C2H4+M=C2H2+H2+M
C2H4+M=C2H3+H+M
C2H4+HO2=>C2H40+0OH
C2H4+OH=C2H3+H20
C2H4+O=CH3+HCO
C2H4+0O=>CH2+HCO+H
C2H4+H=C2H3+H2
C2H4+H=C2H5
C2H4+02=C2H3+HO2
C2H4+C2H4=C2H5+C2H3
C2H4+CH3=C2H3+CH4
C2H40=CH4+CO
C2H3=C2H2+H
C2H3+HO2=>CH3+CO+OH
C2H3+OH=C2H2+H20
C2H3+OH=CH3CHO
C2H3+0O=CH3+CO
C2H3+H=C2H2+H2
C2H3+02=CH20+HCO
C2H3+CH3=C2H2+CH4
C2H3+C2H6=C2H4+C2H5
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2.41E+13
2.41E+13
1.20E+11
5.72E+16
4,00E+12
3.43E+09
1.81E+13
1.12E+08
2.04E+13
8.91E-13
2.08E+38
1.21E+12
5.13E+06

1.14E-07
5.00E+02
1.00E+13
3.02E+11
3.97E+05
3.00E+11

-2.50E+13

2.41E+13
2.41E+13
4,24E+13
5.30E+13
3.05E+13
1.26E+14
1.70E+10
4.37E-04
1.40E+12
3.00E+17
2.97E+17
6.22E+12
2.02E+13
1.08E+14
5.66E+12
3.36E-07
1.05E+14
4.00E+13
5.00E+14
3.97E+05
3.16E+14
2.10E+44
3.00E+13
3.00E+13
3.00E+13
3.00E+13
3.00E+13
3.00E+12
4.37E-04
1.50E+13

[N e NololNe)

1.2
0
1.7
0
7.4
-7.1
0
2.1
6.5
3.5
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0
7000
76480
11665
-447
3088
2127
39000
-960
106507
17600
860
274
5210
51000
7000
17684
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144
145
146
147
148
149
150
161
162
183
154
155
166
157
158
169
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

C2H3+HCO=C2H4+CO
C2H3+CH20=C2H4+HCO
C2H3+C2H3=C2H2+C2H4
C2H3+C2H3=C4H6
C2H2=C2H+H
C2H2+HO2=CH2CO+OH
C2H2+OH=C2H+H20
C2H2+OH=HCCOH+H
C2H2+OH=CH2CO+H
C2H2+OH=CH3+CO
C2H2+H=C2H+H2
C2H2+0=CH2+CO
C2H2+0O=HCCO+H
C2H2+02=HCCO+OH
C2H2+02=C2H+HO?2
C2H2+CH3=SC3H5
C2H2+CH3=PC3H4+H
C2H2+CH3=AC3H5
C2H2+CH3=AC3H4+H
HCCOH+H=CH2CO+H
C2H+OH=HCCO+H
C2H+O=CO+CH
C2H+O2=CO+CO+H
CH2CO+M=CH2+CO+M
CH2CO+02=CH20+C0O2
CH2CO+0OH=HCCO+H20
CH2CO+0=CH2+CO2
CH2CO+0O=HCCO+OH
CH2CO+H=CH3+CO
CH2CO+H=HCCO+H2
HCCO+M=CH+CO+M
HCCO+OH=HCO+CO+H
HCCO+0=CO+CO+H
HCCO+H=CH2+CO
HCCO+02=CO+CO+OH
HCCO+CH2=C2H+CH20
HCCO+CH2=C2H3+CO
CH3OH=CH3+0OH
CH3OH+HO2=CH20OH+H202
CH3OH+OH=CH20H+H20
CH3OH+OH=CH30+H20
CH3OH+O=CH20H+OH
CH3OH+H=CH20H+H2
CH3OH+CH20=CH30+CH30
CH30OH+CH3=CH20H+CH4
CH3OH+CH3=CH30+CH4
CH20H+M=CH20+H+M
CH20OH+H=CH20+H2
CH20H+02=CH20+HO2
CH3CHO=CH3+HCO

119

9.03E+13
5.42E+03
1.08E+13
4.94E+13
2.37E+32
1.00E+13
3.39E+07
5.06E+05
2.19E-04
4.85E-04
6.02E+13
1.52E+04
6.50E+03
2.00E+08
1.20E+13
1.61E+40
2.73E+17
2.61E+46
6.74E+19

-1.00E+13

2.00E+13
1.00E+13
5.00E+13
4.11E+15
1.00E+08
7.50E+12
1.76E+12
1.00E+13
4.54E+09
5.00E+13
6.00E+15
1.00E+13
1.93E+14
1.50E+14
1.46E+12
1.00E+13
3.00E+13
1.57E+46
6.30E+12
4.53E+11
3.63E+11
1.00E+13
4.00E+13
1.56E+12
3.57E+11
4.68E+05
1.00E+14
3.00E+13
2.17e+14
2.45E+16
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0
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0.7
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0
5862
0

0
130688
18280
14000
13500
-1000
-2000
22257
497
497
30100
74520
20331
20592
36951
31691
0

0

0
1510
59270

2000
1349
8000
3160

58821

590

2500
2000

103522
19360
1160
5868
4690
6100
79570
8663
12764
25100

4690
84128



194 CH3CHO+HO2=CH3CO+H202 1.70E+12 0 10700
195 CH3CHO+OH=CH3CO+H20 1.00E+13 O 0
196 CH3CHO+O=CH3CO+OH 500E+12 0 1790
197 CH3CHO+H=CH3CO+H2 400E+13 0 4210
198 CH3CHO+02=CH3CO+HO2 2.00E+13 0.5 42200
199 CH3CHO+CH3=CH3CO+CH4 2.00E-06 5.6 2464
200 CH3CO+M=CH3+CO+M 8.64E+15 0 14400

NOTE : A units mole-cm-sec-K, E units
cal/mole
= : reversible reaction

=> jrreversible reaction

IC3H7: iso-propyl radical
NC3H7: n-propyl radical
SC3H5: 2-methylvinyl radical
AC3HS: allyl radical

PC3H4: propyne

AC3H4: allene
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Appendix 3 One Dimensional Program

Appendix 3.1 One dimensional transport/chemistry program

The one dimensional transport/chemistry program consists of main.f, interp.f (interpreter),
ck_1d.f (thermodynamic properties and chemical reactions), and tran_1d.f (transport properties).
In addition, CHEMKIN gas-phase subroutines are also needed to be linked while the code is
compiled.

(a) main.f

PROGRAM MAIN

*

* One dimensional transport/chemistry code
*

* Solution of PDEs governing the temperature and species concentrations.

* Determines concentration profiles away from the wall as a function of time.

The numerical solver for solving PDEs (d03ppf) is obtained from the NAG numerical library.
Please refer to the NAG numerical library for the parameters used in this program.

All the units in this code are converted into MKS unit (kg, m, s).

¥ ¥ % X * % ¥

Author: Kuo-Chun Wu, MIT

implicit none

*

*Constant Declarations
3

* NUMERICAL

integer npde, npdemx, npts, ncode, m, nxi, nxfix,

+ neqn, negnmx, niw, nptsmx,

+ nwkres, lenode, nw, intpts, itype, miu

parameter ( npdemx = 80, ncode = 0, m = 0, nptsmx = 205,

+ nxi = 0, nxfix = 0, intpts = 2, itype = 2,

+ negnmx = npdemx*nptsmx + ncode,

+ niw = neqnmx + 25 + nxfix,

+ nwkres = npdemx*(nptsmx + 3*npdemx + 21) + 7*nptsmx + nxfix + 3,

+ lenode = 11*neqnmx + 50,

+ miu = 2*npdemx - 1,

+ nw = (3*mlu + 1)*neqnmx + neqnmx + nwkres + lenode )
L —
* BOUNDARY LAYER
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double precision
+

integer

double precision
+

integer

hx,tout,tinc,tmax,ts,dxmesh,trmesh,xratio,gasconst,
const,time_ini,pressure,length,dpdt,avespeed,tconst

i, ii, j, ifail, ind, iteration, itol, itask, itrace, ipminf
u(neqnmx),w(nw),x(nptsmx),atol(neqnmx),rtol(1),y(npdemx),
temp(nptsmx), algopt(30), xfix(1), v(1),sumspec(neqnmx),

+ wtm(nptsmx),xi(1),rho(nptsmx)

integer iw(niw), nrmesh

logical remesh, more

character laopt, norm

real time(2)

real dtime, elapsed

external d03pck

external bndary, pdedef, uvinit, monitf

external dtime

* CHEMKIN DECLARATIONS

integer LINKCK,LINKMC,LCADPL,LINIT,LMESH,LINTEG,LOUT,
+ LSCREEN,LDATA,LRESULT,leniwk, lenrwk, lencwk
parameter (LINKCK=25,LINKMC=35,LCADPL=10,LINIT=15,LMESH=12,
+ LINTEG=20,LOUT=30,LSCREEN=6,LDATA=18,
+ LRESULT=8,leniwk=7500,l¢nrwk=90000,lencwk=500)
integer ickwrk(leniwk), imcwrk(leniwk)

double precision rckwrk(lenrwk), rmcwrk(lenrwk)

character cckwrk(lencwk)*(16)

common /ckspi/ ickwrk,imcwrk

common /ckspr/ rckwrk, rmewrk

common /ckspc/ cckwrk

double precision xnew(nptsmx)

index,nptss,nspecies

common /pointers/ index, nptss, nspecies

double precision timeold, timenew, xcheck

common /timedif/ timeold, timenew, xcheck

double precision init_rhol(nptsmx)

common /transform/ init_rhol

logical firsttime(nptsmx)

common /starttime/ firsttime

common /gconst/ gasconst

double precision temp_l, temp_r, x_1(100), x_r(100)
common /INITDAT/ temp_), temp_r, tmax, tinc, x_I, x_r

*

*Executable Statements

¥ e —

* Open files

open(UNIT=LINKCK, status="old’, file='cklink', form="unformatted')
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open(UNIT=LINKMC, status="old', file="tplink', form="unformatted’)
open(UNIT=LCADPL, status="old’, file='"cad-p-I',form="formatted')
open(UNIT=LINIT, status="old', file="initial', form="formatted")
open(UNIT=LMESH, status="old’, file='mesh’, form="formatted’)
open(UNIT=LINTEG, status="new', file="1d_int', form="formatted")
open(UNIT=LDATA, status="new', file='1d_dat', form="unformatted')
open(UNIT=LOUT, status="new', file='1d_out', form="formatted')
open(UNIT=LRESULT, status="new', file="result', form='formatted')

* Initialize CHEMKIN AND TRANSPORT LINK FILE

call ckinit(leniwk, lenrwk, lencwk, LINKCK, LOUT, ickwrk, rckwrk, cckwrk)
call mcinit(LINKMC, LOUT, leniwk, lenrwk, imcwrk, rmcwrk)
call ck_initial_knui(ickwrk)

* Read all input data and store in arrays for later use

call read_init(LINIT, LOUT, cckwrk, nspecies)
call read_cadpl(LCADPL, LOUT)
call read_mesh(LMESH, LOUT)

* Set up initial mesh distribution

call set_mesh(LSCREEN, LOUT, x, xnew, npts)
nptss = npts - 1
xcheck = x(npts-1)
if(npts .GT. nptsmx) then
write (6,*) npts
stop * Number of mesh points has exceeded maximum
: limit'
endif

* Determine the number of PDEs, which include K species and temperature
npde = nspecies + 1
gasconst = 8.31431d3 /* unit is J/(Kmol*k) */

remesh = .false.

nrmesh =3

dxmesh = 0.0d0

trmesh = 0.0d0

const = 2.0d0/(npts - 1.0d0)
xratio = 1.5d0

xi(1) = 0.0d0
norm ="'A'
laopt = 'B'

neqn = npde*npts + ncode

doi=1,30
algopt(i) = 0.0d0
enddo
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algopt(1) = 1.0d0
algopt(2) = 5.0d0
algopt(3) = 1.0d0
algopt(4) = 2.0d0
algopt(12) = 1.0d-20
algopt(13) = 1.0d-1
algopt(14) = 1.0d-12

ind=0
itask =1
itrace =0
ipminf =0
itol=1

atol(1) = 1.0d-10
rtol(1) = 1.0d-3

* SET INITIAL CONDITIONS
call uvinit(npde, npts, nxi, x, xi, u, ncode, v)

time_ini = 0.0d0
timeold = 0.0d0
timenew = 0.0d0

doi=1, npts
firsttime(i) = .true. -
enddo

index =1
call interpolate(time_ini,pressure,dpdt,length,avespeed,tconst)

do10j=1, npts
do20i=1, nspecies
y(i) = u(npde*(j - 1) + i)
20 continue
call ck_mmwy(y,ickwrk,rckwrk,wtm(j))
10 continue

doi=1, npts

temp(i) = u(npde*(i - 1) + npde)

rho(i) = pressure*wtm(i)/(gasconst*temp(i))
enddo

call integrate_x(nspecies,npts,npde,rho,length,rckwrk,u,x,sumspec)
write(LDATA) npts,npde

write(LDATA) time_ini

write(LDATA) (x(i),i=1, npts)

write(LDATA) (u(i), i = 1, npde*npts)
write(LDATA) pressure
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write(LINTEG, 1000) time_ini, (sumspec(i), i = 1 , nspecies)
ts = 0.0d0

* set the first data point to be 1.0d-6 sec
tout = 1.0d-6

more = .TRUE.
iteration = 0

do 30 while (more)

iteration = iteration + 1
ifail=0

if( tout .LT. tinc ) then

tout = tout*10.0

if( tout .GE. tinc ) tout = tinc
else

tout = tout + tinc
endif

elapsed = dtime(time)
* call PDE solver

call d03ppf(npde, m, ts, tout, pdedef, bndary, uvinit, u, npts,
x, ncode, d03pck, nxi, xi, neqn, rtol, atol, itol,
norm, laopt, algopt, remesh, nxfix, xfix, nrmesh,
dxmesh, trmesh, ipminf, xratio, const, monitf, w,
nw, iw, niw, itask, itrace, ind, ifail)

+ + + +

elapsed = dtime(time)
write(LRESULT, '(i4,£10.1,1pe12.3)") iteration, elapsed, tout
call interpolate(tout,pressure,dpdt,length,avespeed,tconst)

do40j=1, npts
do 501 =1, nspecies
y(i) = u(npde*(j - 1) +1)
50 continue
call ck_mmwy(y,ickwrk,rckwrk,wtm(j))
40 continue

doi=1, npts

temp(i) = u(npde*(i - 1) + npde)

rho(i) = pressure*wtm(i)/(gasconst*temp(i))
enddo

call coord_tran(npts, length, rho, x, xnew)
call integrate_x(nspecies,npts,npde,rho,length,rckwrk,u,xnew,sumspec)
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write(LDATA) tout

write(LDATA) (xnew(i), i =1, npts)

write(LDATA) (u(i), i = 1, npde*npts)
write(LDATA) pressure

write(LINTEG, 1000) tout, (sumspec(i), i = 1,nspecies)

more = tout .It. tmax

30 continue

* PRINT INTEGRATION STATISTICS

write (LRESULT, 2000) iw(1), iw(2), iw(3), iw(5)
write (LRESULT,*) (u(npde*(i-1)+npde), i= 1, npts)
stop

1000 format (<nspecies+1>(1pel3.4))

2000 format (/i4, ' integration steps in time',
+ /i4, ' residual evaluations of resulting ODE system’,
+ /i4, ' Jacobian evaluations',
+ /i4, ' iterations of nonlinear solver', /)

end

| J—

subroutine uvinit(npde, npts, nxi, X, xi, u, ncode, v)
*
* This subroutine specifies initial profiles of temperatures and mass fraction
* of all species. Users might modify this subroutine to meet their special
* initial profiles
*

integer npde,nxi,npts,ncode,resInt,nptsmx,leniwk,lenrwk,lencwk
double precision x(npts),xi(*), u(npde, npts), v(*)

logical woc,cold

parameter (leniwk = 7500, lenrwk = 90000, lencwk = 500 )
integer ickwrk(leniwk), imcwrk(leniwk)

double precision rckwrk(lenrwk), rmcwrk(lenrwk)

character cckwrk(lencwk)*(16)

common /ckspi/ ickwrk,imcwrk
common /ckspr/ rckwrk, rmcwrk
common /ckspc/ cckwrk

integer i, j, ii, index, nptss, nspecies
common /pointers/ index, nptss, nspecies

double precision temp_l, temp_r, tmax, tinc, cri_temp, x_1(100),
: x_r(100),y_1(100), y_r(100)
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common /initdat/ temp_l, temp_r, tmax, tinc, x_I, x_r

integer 1_point, i_point, r_point

double precision wid_c, wid_bl, wid_i, factor, steep

COMMON /meshdat/ wid_c, wid_bl, wid_i, factor, |_point, i_point, r_point

parameter (cri_temp = 800.0)

i=1
woc = .false.

* Change molar fraction to mass fraction

call ck_x2y(x_l,ickwrk,rckwrk,y_1)
call ck_x2y(x_r,ickwrk,rckwrk,y_r)

do 10 while (i .LE. I_point+1)

do j = 1,nspecies
u(j,i) =y_I(j) /* mass fraction of species */
enddo
u(npde,i) = temp_l /* initial temperature */
i=i+1
10 continue
ii=1i

Foeoen Temperature profile (SAE 870459) fitted to CARS
R measurement by Lucht et al.

cold = .true.

do 501 = ii, npts
do 60 j = 1, nspecies

if (cold) then
u(,i) =y_1G)
else
u@j,i) = y_r()
endif

60 continue

if(x(i) .GE. wid_c) then
if(x(i) .LE. wid_bl) then
u(npde,i) = temp_l+(temp_r-temp_1)*((x(1)-x(ii-1))/
: (wid_bl-x(ii-1)))**0.25
else
u(npde,i) = temp_r
endif
else
u(npde,i) = temp_l
endif

if(u(npde,i) .GE. cri_temp) cold = .false.
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50 continue
=i

do 70 i = ii, npts
do 80 j = 1, nspecies
u(j,i) = y_rG)
80 continue
u(npde,i) = temp_r
70 continue

return
end

*
*PDE definitions

subroutine pdedef(npde, time, x, u, dudx, ncode, v, vdot, p, g, 1, ires)

integer npdemx, maxpts, leniwk, lenrwk, lencwk

parameter (npdemx = 80,nptsmx = 205,leniwk = 7500,lenrwk = 90000,lencwk = 500)
double precision  time, x

integer ires, npde, ncode .

double precision dudx(npde), v(*), vdot(*), p(npde, npde), q(npde), r(npde), u(npde)
integer i,j

double precision time_ini, rho, rhol, length, dpdt, avespeed, sumwh,

sumnhv, wtm, temperature, pressure, cpbar, conmix,
init_kin, init_tau, init_l, kin, tconst, turb_diff,
a_total

parameter (init_l = 3.0d-3)
double precision diffmc(npdemx),hml(npdemx),wi(npdemx),molarf(npdemx)

integer ickwrk(leniwk), imcwrk(leniwk)
double precision rckwrk(lenrwk), rmcwrk(lenrwk)
character cckwrk(lencwk)*(16)

common /ckspi/ ickwrk,imcwrk

common /ckspr/ rckwrk, rmcwrk

common /ckspc/ cckwrk

integer index, nptss, nspecies

common /pointers/ index, nptss, nspecies
double precision timeold, timenew, xcheck
common /timedif/ timeold, timenew, xcheck
logical firsttime(nptsmx)

common /starttime/ firsttime

double precision init_rhol(nptsmx),gasconst
common /transform/ init_rhol

common /gconst/ gasconst
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temperature = u(npde)
Calculate product of initial length and density

if (firsttime(index)) then
time_ini = 0.0d0
call ck_mmwy(u,ickwrk,rckwrk,wtm)
call interpolate(time_ini,pressure,dpdt,length,avespeed,tconst)
init_rhol(index) = pressure*wtm/(gasconst*temperature)*length
firsttime(index) = .false.

endif

call interpolate(time,pressure,dpdt,length,avespeed,tconst) /* unit of pressure is pa (N/m*2) */
call ck_mmwy(u,ickwrk,rckwrk,wtm) /* unit of mean molar weight is Kg/Kmole */
rho = pressure*wtm/(gasconst*temperature) /* Unit of density is Kg/m?3 */

rhol = rho*length

call ck_species_source(pressure, temperature, u, ickwrk, rckwrk, wi)
/* Unit of wi (production rate of species) is Kg/(m”3*sec) */

do 90 i = 1, nspecies
q(i) = -(init_rhol(index)*wi(i)/rhol)

90 continue

C*

ook sk sk ok sk sk sk ok ok

C*
C*
C*
C*
C*

Sandia CHEMKIN and TRANSPORT subroutine libraries are called
to return the thermodynamic and transport properties of species

*

call ck_y2x(u,ickwrk,rckwrk,molarf) /* convert mass fraction to molar fraction */
call ck_cpbl(temperature,molarf,ickwrk,rckwrk,cpbar)

cpbar = cpbar/wtm /* convert from unit J/(Kmole*k) to J/((Kg*K) */

call ck_hml(temperature, ickwrk, rckwrk, hml) /* Unit of enthalpy is J/Kmole */
call ck_react_heat(wi,hml,rckwrk,sumwh) /* Unit of reaction heat is J/m**3s */

call mc_acon(temperature, molarf, rmcwrk, conmix)
call mc_adif(pressure, temperature, molarf, rmcwrk, diffmc)

q(npde) = init_rhol(index)*(sumwh-dpdt)/rhol

* Calculate the turbulent transport coefficients

*

init_kin = 1.5*%(0.75*avespeed)*(0.75*avespeed)
init_tau = init_l/sqrt(init_kin)

kin = init_kin*(1+0.9*(tconst+time)/init_tau)**(-1.11)
turb_diff = 0.09*x/(1+x/init_l)*sqrt(kin)

sumnhv = 0.0d0
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do 100 i = 1, nspecies
r(i) = rhol*rho*(diffmc(i)+turb_diff)*dudx(i)/init_rhol(index)
100 continue

a_total = turb_diff + conmix/(rtho*cpbar)
a_total = a_total*rho*cpbar

r(npde) = rhol*(a_total*dudx(npde))/init_rhol(index)

do 110i =1, npde
do 120j =1, npde
if (i .eq. j) then
if (i .eq. npde) then
p(i, j) = cpbar*init_rhol(index)/length
else
p(i, j) = init_rhol(index)/length
endif
else
p(, j) = 0.0d0
endif
120 continue
110 continue

index = index + 1
if(index .gt. nptss) then
if(x .It. xcheck) stop 'counting index is not correct !'
if(time .ne. timeold) then
write(8,*) time

call flush(8)
timeold = time
endif
index=1
endif
return
end
b —
*Boundary conditons
* S

subroutine bndary(npde, time, u, ux, ncode, v, vdot, ibnd, beta, gamma, ires)

double precision time

integer npde, ncode, ibnd, ires

double precision v(¥), vdot(¥*), beta(npde), gamma(npde), u(npde), ux(npde)
integer i

double precision  temp_l, temp_r, tmax, tinc, x_I(100), x_r(100)
common finitdat/ temp_l, temp_r, tmax, tinc, x_l, x_r

doi=1, npde
beta(i) = 0.0d0
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enddo
if (ibnd .eq. 0) then

* LEFT BOUNDARY /* cold wall boundary condition */

doi=1, npde-1
gamma(i) = ux(i)
enddo

gamma(npde) = u(npde) - temp_l
else
* RIGHT BOUNDARY /* burned gas side boundary condition */
doi=1, npde
gamma(i) = ux(i)
enddo

endif

return
end

*

*Remesh Monitor Function
E 3

subroutine monitf(t, npts, npde, x, u, r, fmon)

integer npdemx
parameter ( npdemx = 80)

double precision t

integer npde, npts
double precision fmon(npts), r(npde, npts), u(npde, npts), x(npts)
double precision drdx, maxdrdx, h, extremes(2, npdemx), diff
integer k1
intrinsic abs, max, min

* FIND EXTREME VALUES
doi=1, npde

extremes(1, i) = 0.0d0
extremes(2, i) = 0.0d0
enddo

do 130i=1, npts
do 140 j = 1, npde
extremes(1, j) = min(extremes(l, j), u(j, i))
extremes(2, j) = max(extremes(2, j), u(j, i))

131



140 continue
130 continue
* CALCULATE DERIVATIVES
do150i=1,npts- 1
k=max(l,i-1)
I = min(npts, i + 1)
h = (x(1) - x(k))*0.5d0

maxdrdx =0

* Calculate second derivative of temperature only

if (extremes(1, npde) .eq. extremes(2, npde)) then

drdx = 0.0d0
else

diff = extremes(2, npde) - extremes(1, npde)

drdx = ((u(npde, i + 1) - extremes(1, npde))/diff - (u(npde, i) - extremes(1, npde))/diff)/h
endif

maxdrdx = max(maxdrdx, abs(drdx))
fmon(i) = maxdrdx**(0.25)
150 continue
fmon(npts) = fmon(npts - 1)
write(6, '(1pel7.8)) t

return
end

* SETUP MESH
%
* Initialize mesh points distribution

* This subruotine can be modified to meet special needs
| J—

subroutine set_mesh(LSCREEN, LOUT, x, xnew, npts)

double precision x(*), xnew(*)
integer LSCREEN, LOUT, npts

integer maxpoint
double precision hx, sum_dist, interval, criterion
parameter (maxpoint = 100, criterion = 0.05)

logical exceed

integer i
integer 1_point, i_point, r_point
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double precision wid_c, wid_bl, wid_i, factor
COMMON /meshdat/ wid_c, wid_bl, wid_i, factor, 1_point, i_point, r_point

* calculate the distance between two mesh points in interface region
hx = wid_i/i_point
* calculate the mesh points on left side of interface region

sum_dist = 0.0d0
interval = hx

exceed = .True.
do 160 i =1, maxpoint

sum_dist = sum_dist + interval
if(sum_dist .ge. wid_c) then

I_point=1i
exceed = .False.
goto 170

endif

interval = interval*factor
160 continue

170 if(exceed) stop ' maxpoint limit (on left boundary zone) has
:been exceeded, please check your mesh input file'

write(LSCREEN,2500) sum_dist
write(LOUT,2500) sum_dist
x(2) = interval

interval = interval/factor

* Set up mesh distribution for left boundary zone

x(1) = 0.0d0
doi=3,1 point+1
xX(i) = x(i-1)+interval
interval = interval/factor
enddo

* Set up mesh distribution for interface zone

do i =1_point+2 , I_point+i_point+2
x(i) = x(i-1)+hx
enddo

* Set up mesh distribution for right boundary zone, in current case the final
* distance of right boundary (i.e. Xinf) depends on the number of points in the
* right boundary zone (user's input)

interval = hx

do i = I_point+i_point+3 , I_point+i_point+r_point+1
x(i) = x(i-1)+ interval
interval = interval*factor

enddo
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npts = |_point+i_point+r_point+1

doi=1, npts
xnew(i) = x(1)
enddo

write(LOUT,3000)
write(LOUT,4000) (x(1) , i = 1, npts)
write(LOUT,5000) npts

2500 format('Exact width of left boundary zone is :', IPE12.4, '(M)")
3000 format(*------ Details of mesh distribution --------")

4000 format(5(1PE11.4,3x))

5000 format('Number of mesh points :',14)

B e coordinate transform (back to original spatial coordinate)

* Co-ordinate transformation

| J—

subroutine coord_tran(npts, length, rho, x, xnew)

integer npts
double precision length
double precision rho(*), x(*), xnew(*)

integer nptsmx

parameter (nptsmx = 205)

double precision init_rhol(nptsmx)
common /transform/ init_rhol

integeri, j

doi=1, npts
xnew(i) = 0.0d0
enddo

doi=2, npts
xnew(i) = xnew(i-1)+(init_rhol(i)+init_rhol(i-1))*0.5/
(Iength*(rho(i)+rho(i-1))*0.5)*(x(i)-x(i- 1))
enddo

return
end

* calculate integrated results
*

* Integrate species concentration from x=0 to xinf

* Transfer results based on mass basis into the ones of molar basis
*

subroutine integrate_x(nspecies,npts,npde,rho,length,rckwrk,u,xnew,sumspec)
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integer nspecies, npts, npde
double precision length
double precision rho(¥*), u(*), xnew(*), sumspec(*), rckwrk(*)

integeri, j

COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP, NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,

NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,

IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,

NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,

NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,

NcK2, NcK3, NcK4, Ncll, Ncl2, NcI3, Ncl4

NN A WN -

doi=1, nspecies
sumspec(i) = 0.0d0
enddo

do 180 i = 1, nspecies
do 190 j =2, npts
sumspec(i)=sumspec(i)+((rho(j}+rho(j-1))*0.5)* -
((u(npde*(j-1)+i)+u(npde*(j-2)+i))*0.5)*
length*(xnew(j)-xnew(j-1))/rckwrk(NcWT+i-1)

190 continue
180 continue

return
end

* Interpolate pressure

*.

* Interpolate corresponding pressure accroding to the input (time)
| J—

Subroutine interpolate(time,p,dpdt,l,barsp,t)

double precision time, p, dpdt, 1, barsp,t

double precision ca, stroke

parameter (stroke = 8.8d-2)

integer i

double precision speed(1),cad(360), pressure(360), length(360)
COMMON /CADPLDAT!/ speed, cad, pressure, length

*

* Convert input (time) into corresponding crank angle
*
If(time .EQ. 0.0d0) then
p = pressure(1)
dpdt = (pressure(2)-pressure(1))/(cad(2)-cad(1))
: *(speed(1)/60.0*360.0)
1 =length(1)
barsp = speed(1)/60.0*2.0*stroke
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t = (cad(1)-375)/(speed(1)/60.0*¥360.0)

return
else
ca = cad(1) + time * (speed(1)/60.0¥360.0)
endif
*
* Interpolation
*
doi=1,359
if(ca .GE. cad(i) .AND. ca .LE. cad(i+1)) then
p = pressure(i) + (ca-cad(i))/(cad(i+1)-cad(i))*
(pressure(i+1)-pressure(i))
dpdt = (pressure(i+1)-pressure(i))/(cad(i+1)-cad(i))
*(speed(1)/60.0*360.0)
1 =length(i) + (ca-cad(i))/(cad(i+1)-cad(i))*(length(i+1)
-length(i))
goto 100
endif
enddo
stop 'Current crank angle degree cannot be bracketed by-input crank angle
: list!'
100 continue

*

* Calculate average engine speed and time constant used for turbulent model
*

barsp = speed(1)/60.0*2.0*stroke
t = (cad(1)-375)/(speed(1)/60.0*360.0)

return
end

(b) interp.f

Subroutine READ_INIT(LINIT, LOUT, CCKWRK, NSPECIES)
C

C BEGIN PROLOGUE

C

C Read initial condition file and store all input into arrays

Input: LINIT, LOUT are indexes of input/output files

CCKWRK - Array of character work space in cklink file
Data type - character array
Dimension CCKWRK(*) at least LENCWK
Output: NSPECIES - Number of species in Chemical mechanism

oNoEoEoRoNoRo K]
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C END PROLOGUE
C¥**x*¥precision > double
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)

INTEGER LOUT

CHARACTER CCKWRK(*)*(*)

CHARACTER LINE*80, SUB(80)*80, UPCASE*10
LOGICAL exist

DIMENSION x_I1(100),x_r(100)

COMMON /CKSTRT/ NMM, NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,

1 NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
2 NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
3 IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,
4 IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
5 NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
6 NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
7 NcK2, NcK3, NcK4, Ncll1, Ncl2, NcI3, Ncl4
COMMON /INITDAT/ temp_l,temp_r,tmax, tinc, X_I,x_r
C
C Read initial conditions
C
exist = .FALSE.
C

C Print the list of species in CKLINK file and the number of species
C

write(LOUT,'(A)") '--- Species ordering --- (same as the cklink file)'
doi=1,NKK
write(LOUT,9020) CCKWRK(IcKK+i-1), i
enddo
write(LOUT,9030) NKK

30 continue

read(LINIT,'(A)' . END=6000) LINE

ILEN = IPPLEN(LINE)

if(LEN .EQ. 0) GOTO 30

exist = .TRUE.

call CKISUB(LINE(:ILEN), SUB, NSUB)
C
C Match main key words : LEFT, RIGHT, TMAX, TINC, and END
C

35 continue

if(UPCASE(SUB(1),4) .EQ. 'LEFT') then
write(LOUT,'(/,A)") --- INITIAL CONDITIONS AT LEFT BOUNDARY ---'
40 read(LINIT,'(A)") LINE
ILEN =IPPLEN(LINE)
if(JLEN .EQ. 0) GOTO 40
call CKISUB(LINE(:ILEN), SUB, NSUB)

if(UPCASE(SUB(1),4) .EQ. 'TEMP') then

call IPPARR(SUB(2),1,1,temp_l,nval,ier, LOUT)
write(LOUT,9040) temp_!
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if(ier .eq. 2) stop 'Left temperature is missing in
file initial’
else if(UPCASE(SUB(1),4) .EQ. 'REAC') then
doi=1,NKK
Isub = ILASCH(SUB(2))-IFIRCH(SUB(2))+1
IFIR = IFIRCH(CCKWRK(IcKK+i-1))
ILAS = ILASCH(CCKWRK(IcKK+i-1))
if(UPCASE(SUB(2),Isub) .EQ. CCKWRK(IcKK+i-1)(IFIR:ILAS))
:then
call IPPARR(SUB(3),1,1,x_l(i),nval,ier, LOUT)
write(LOUT,9050) SUB(2),x_l(i)
if(ier .eq. 2) stop 'Left molar fraction is missing in
:file initial'
goto 40
endif
enddo
stop 'Left species name can not be matched !'
else
goto 35
endif

goto 40

else if(UPCASE(SUB(1),5) .EQ. 'RIGHT") then
write(LOUT,'(/,A)") --- INITIAL CONDITIONS AT RIGHT BOUNDARY ---'
50 read(LINIT,'(A)") LINE
ILEN = IPPLEN(LINE)
if(ILEN .EQ. 0) GOTO 50
call CKISUB(LINE(:ILEN), SUB, NSUB)

if(UPCASE(SUB(1),4) .EQ. 'TEMP') then
call IPPARR(SUB(2),1,1,temp_r,nval,ier, LOUT)
write(LOUT,9040) temp_r
if(ier .eq. 2) stop 'Right temperature is missing in
: file initial'
else if(UPCASE(SUB(1),4) .EQ. 'REAC') then
doi=1,NKK
Isub = ILASCH(SUB(2))-IFIRCH(SUB(2))+1
IFIR = IFIRCH(CCKWRK(IcKK+i-1))
ILAS = ILASCH(CCKWRK(IcKK+i-1))
if(UPCASE(SUB(2),Isub) .EQ. CCKWRK(IcKK+i-1)(IFIR:ILAS))
: then
call IPPARR(SUB(3),1,1,x_z(i),nval,ier, LOUT)
write(LOUT,9050) SUB(2),x_r(i)
if(ier .eq. 2) stop 'Right molar fraction is missing in file
: initial'
goto 50
endif
enddo
stop 'Right species name can not be matched !
else
goto 35
endif

goto 50
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else if(UPCASE(SUB(1),4) .EQ. 'TMAX') then
call IPPARR(SUB(2),1,1,tmax,nval,ier, LOUT)
write(LOUT,9060) tmax
goto 30

else if(UPCASE(SUB(1),4) .EQ. 'TINC") then
call IPPARR(SUB(2),1,1,tinc,nval,ier, LOUT)
write(LOUT,9070) tinc
goto 30

else if(UPCASE(SUB(1),3) .EQ. 'END') then
write(LOUT,(A//)') '-----mmm-- End of initial file --~------—-- !
goto 6000

else
stop 'Key words can not be matched, please check initial file'

endif

6000 if(.NOT. exist) stop 'Check initial file, it is empty !’
close(LINIT)

NSPECIES = NKK

9020 format(' REAC ',A, I3)

9030 format(' TOTAL NUMBER OF SPECIES : ', I4,//)

9040 format( TEMPERATURE : ', 1PE12.4,'(K))

9050 format(' SPECIES : ',A12,1PE12.4)

9060 format(' MAX. TIME: ', 1IPE12.4,(S)")

9070 format( INCREMENTAL TIME STEP : ', 1PE12.4,'(S)")

return
end

0

Subroutine READ_CADPL(LCADPL, LOUT)
BEGIN PROLOGUE
Read cad-pressure-length input files and store information into arrays

Input: LCADPL, and LOUT are indexes of input/output files

a0 Q0

C END PROLOGUE
C***x¥precision > double
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)

CHARACTER LINE*80, SUB(80)*80, UPCASE*10
LOGICAL exist

double precision length(360)

DIMENSION speed(1),cad(360), pressure(360)

139



COMMON /CADPLDAT/ speed, cad, pressure, length

CC
CC READ CAD-PRESSURE-LENGTH INPUT DATA
CC
exist = FALSE.
10 continue
read(LCADPL,'(A)',END=5000) LINE
ILEN = IPPLEN(LINE)
if( ILEN .EQ. 0) GOTO 10
call CKISUB(LINE(:ILEN), SUB, NSUB)
C
C Read engine speed
C
if(UPCASE(SUB(1),5) .NE. 'SPEED') stop 'Please put engine speed(RPM)
: in the first line of input file (cad-p-I)
call IPPARR(SUB(2),1,1,speed,nfound,ier, LOUT)
if(ier .eq. 2) stop 'Engine speed is missing in file cad-p-I'
write(LOUT,9000)
write(LOUT,9010) speed
exist = .TRUE.
C .
C Read crankangle(degree)-pressure(n/m”2)-length(m) data
C
write(LOUT,9020)
doi=1, 1000
20 continue
read(LCADPL,'(A) ,END=5000) LINE
ILEN = IPPLEN(LINE)
if((LEN .EQ. 0) GOTO 20

call CKISUB(LINE(:ILEN), SUB, NSUB)

call IPPARR(SUB(1),1,1,cad(i),nval,ier, LOUT)

call IPPARR(SUB(2),1,1,pressure(i),nval,ier, LOUT)

call IPPARR(SUB(3),1,1,length(i),nval,ier, LOUT)
write(LOUT,9030)cad(i),pressure(i),length(i)

if(NSUB .NE. 3) stop 'Something is missing in cad-p-I file'
enddo

5000 if(.NOT. exist) stop 'Check cad-p-1 file, it is empty !'
write(LOUT, '(A,//)") '----------- End of cad-p-I file -----~-------'
close(LCADPL)

9000 format("* Length : distance between cylinder head and piston *')
9010 format(' Engine Speed :', 1PE12.4)
9020 format('__Crankangle___Pressure___Length__")
9030 format(3(1PE12.4))

end
C
C

Q

Subroutine READ_MESH(LMESH, L.OUT)
C
C BEGIN PROLOGUE
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Read initial mesh file and store information

Input: LMESH, and LOUT are indexes of input/output files

oNoNoNoNoKe!

C END PROLOGUE
C*****precision > double
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)
LOGICAL exist
CHARACTER LINE*80, SUB(80)*80, UPCASE*10
integer r_point
COMMON /meshdat/ wid_c, wid_bl, wid_i, factor, I_point, i_point, r_point

exist = .FALSE.

write(LOUT,'(A)') "------ MESH SETUP (input) ----- '
10 continue

read(LMESH,'(A) ,END=5000) LINE

ILEN = IPPLEN(LINE)

if(ILEN .EQ. 0) GOTO 10

call CKISUB(LINE(:ILEN), SUB, NSUB)

exist = .TRUE.

if(UPCASE(SUB(1),2) .EQ. 'BL") then
call IPPARR(SUB(2),1,1,wid_bl,nval,ier, LOUT)
write(LOUT,9000) wid_bl
goto 10

else if(UPCASE(SUB(1),2) .EQ. 'WC') then
call IPPARR(SUB(2),1,1,wid_c,nval,ier, LOUT)
write(LOUT,9000) wid_c
goto 10

else if(UPCASE(SUB(1),2) .EQ. TW") then
call IPPARR(SUB(2),1,1,wid_i,nval,ier, LOUT)
write(LOUT,9010) wid_i
goto 10

else if(UPCASE(SUB(1),2) .EQ. 'TP') then
read(SUB(2),'(I4)") i_point
write(LOUT,9020)i_point
goto 10

else if(UPCASE(SUB(1),2) .EQ. 'RP') then
read(SUB(2),'(I4)") r_point
write(LOUT,9025)r_point
goto 10

else if(UPCASE(SUB(1),2) .EQ. 'GF') then
call IPPARR(SUB(2),1,1,factor,nval,ier, LOUT)
write(LOUT,9030) factor
goto 10

else if(UPCASE(SUB(1),3) .EQ. 'END') then
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write(LOUT,'(A//)") '~-=enmemmeee End of mesh file ----------- '
goto 5000

else

stop 'Key word can not be matched, please check mesh
:file again !'
endif

5000 if(.NOT. exist) stop ‘Check cad-p-I file, it is empty !'
close(LLCADPL)

9000 format ('Width of left-side-zone of a step function :',1PE12.4)
9010 format ("Width of interface of a step function :',1PE12.4)
9020 format ('Number of mesh points in interface zone of a step
1 function :',14)
9025 format ('Number of mesh points in right boundary zone of a step
1 function :',I4)
9030 format ('Growth Factor of the interval width between two
1 mesh points :',1PE12.4)
end

Q

SUBROUTINE CKISUB (LINE, SUB, NSUB)

Generates an array of CHAR*(*) substrings from a CHAR*(*) string,
using blanks or tabs as delimiters

Input: LINE - a CHAR*(¥*) line
Output: SUB - a CHAR*(*) array of substrings
NSUB - number of substrings found
A "!" will comment out a line, or remainder of the line.
F. Rupley, Div. 8245, 5/15/86

Qo000 an

C
C*****precision > double

IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER (I-N)
C**+*+**END precision > double
CH*x*¥*precision > single
C IMPLICIT REAL (A-H,0-Z), INTEGER (I-N)
C**x*x*END precision > single
C

CHARACTER*(*) SUB(*), LINE

NSUB=0
C

DO 5N =1, LEN(LINE)

IF (ICHAR(LINE(N:N)) .EQ. 9) LINE(N:N) ="'
5 CONTINUE

C

IF (IPPLEN(LINE) .LE. 0) RETURN

ILEN = ILASCH(LINE)
C
NSTART = IFIRCH(LINE)
10 CONTINUE
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ISTART = NSTART
NSUB =NSUB + 1
SUB(NSUB) ="'
C
DO 100 I = ISTART, ILEN
ILAST = INDEX(LINE(ISTART:),' ) - 1
IF (ILAST .GT. 0) THEN
ILAST =ISTART + ILAST - 1
ELSE
ILAST =ILEN
ENDIF
SUB(NSUB) = LINE(ISTART:ILAST)
IF (ILAST .EQ. ILEN) RETURN

NSTART =ILAST + IFIRCH(LINE(ILAST+1:))

Does SUB have any slashes?

oNoNo NN

11 = INDEX(SUB(NSUB),/)

IF (I1 .LE. 0) THEN
IF (LINE(NSTART:NSTART) .NE. /) GO TO 10
NEND = NSTART + INDEX(LINE(NSTART+1:),/)
IND = INDEX(SUB(NSUB),' ")
SUB(NSUB)(IND:) = LINE(NSTART:NEND)
IF (NEND .EQ. ILEN) RETURN
NSTART = NEND + IFIRCH(LINE(NEND+1:))
GOTO 10

ENDIF

Does SUB have 2 slashes?

aan

12 = INDEX(SUB(NSUB)(I1+1:),7)
IF (12 .GT. 0) GO TO 10

NEND = NSTART + INDEX(LINE(NSTART+1:),'/")
IND = INDEX(SUB(NSUB),'") + 1
SUB(NSUB)(IND:) = LINE(NSTART:NEND)
IF (NEND .EQ. ILEN) RETURN
NSTART = NEND + IFIRCH(LINE(NEND+1:))
GOTO 10
100 CONTINUE
RETURN
END

CHARACTER*(*) FUNCTION UPCASE(ISTR, ILEN)

START PROLOGUE

oNoNo NN oNoNoNe!

C FUNCTION UPCASE(ISTR, ILEN)

C return an uppercase character string according to the assigned length
C

C INPUT
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C ISTR - Input character string

C data type - character array

C ILEN - length of the character string returned
C data type - integer

C

C OUTPUT

C UPCASE - Returned uppercase character string
C data type - character array

c

C END PROLOGUE

C

CHARACTER ISTR*(*), LCASE(26)*1, UCASE(26)*1
DATA LCASE ra',\'b','c','d"e",f,'g,/h" ik, 1',m’,
1 'n',o",'p\'q.,T,'s, 't u,'v,'w\,'x\'y','z/,
2 UCASErA'YB',C,D\E,F,G,H,T,7,KX,L'M,
3 'N','O,'P,'Q,'R,'S,'T,U,V,'W,'X",'Y',Z/
C
UPCASE=""
UPCASE = ISTR(:ILEN)
JJ = MIN (LEN(UPCASE), LEN(ISTR), ILEN)
DO10J=1,]]
DO 10N =1,26 .
IF (ISTR(J:J) .EQ. LCASE(N)) UPCASE(J:J) = UCASE(N)
10 CONTINUE
RETURN
END

(c) ck_1d.f

C
C

SUBROUTINE CK_CPBL (T, X, ICKWRK, RCKWRK, CPBML)

START PROLOGUE

oo a0

C SUBROUTINE CK_CPBL (T, X, ICKWRK, RCKWRK, CPBML)
C Returns the mean specific heat at constant pressure;

C see Eq. (33).

C

C INPUT

T - Temperature.
cgs units - K
Data type - real scalar

X - Mole fractions of the species.
cgs units - none
Data type - real array
Dimension X(*) at least KK, the total number of
species.

ICKWRK - Array of integer workspace.
Data type - integer array

ancnaaaooaaan

144



Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.

Data type - real array

Dimension RCKWRK(*) at least LENRWK.

OUTPUT
CPBML - Mean specific heat at constant pressure in molar units.
Units - J/(Kmole*K), which is converted from
cgs units - ergs/(mole*K)
Data type - real scalar

oNoNoNoRoNo oo NN Ne!

C END PROLOGUE
C
C***+*x*double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+**END double precision
C*****single precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C*****¥END single precision
C

DIMENSION ICKWRK((*), RCKWRK(*), X(¥*)

COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IcNK, IcNS, IeNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncll, Ncl2, NclI3, Ncl4

NN WN -

C
CALL CKCPML (T, ICKWRK, RCKWRK, RCKWRK(NcK1))
C
CPBML =0.0
DO 100K =1, NKK
CPBML = CPBML + X(K)*RCKWRK(NcK1 + K - 1)
100 CONTINUE

C
C Convert unit from ergs/(mole*K) to J/(Kmole*K)
C

CPBML = CPBML * 1.0D-4

RETURN

END

C
v

SUBROUTINE CK_HML (T, ICKWRK, RCKWRK, HML)

START PROLOGUE

anNn 0N

C SUBROUTINE CKHML (T, ICKWRK, RCKWRK, HML)
C Returns the enthalpies in molar units

C

C INPUT
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T - Temperature.

cgs units - K

Data type - real scalar
ICKWRK - Array of integer workspace.

Data type - integer array

Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.

Data type - real array

Dimension RCKWRK(*) at least LENRWK.

OUTPUT
HML - Enthalpies in molar units for the species.
units - J/JKmole, which is converted from
cgs units - ergs/mole
Data type - real array
Dimension HML(*) at least KK, the total number of
species.

a0

C END PROLOGUE
C
C****xdouble precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)

C*****END double precision
CH****single precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C****x*END single precision
C

DIMENSION ICKWRK((*), RCKWRK(*), HML(*), TN(10)

COMMON /CKSTRT/ NMM , NKK, NII, MXSP, MXTB, MXTP, NCP, NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IeNK, IeNS, IeNR, IcLT, IcRL, IcRV,
IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncll, Ncl2, Nel3, Ncl4

N AN W -

RUT = T*RCKWRK(NcRU)
TN(1) = 1.0
DO 150 N = 2, NCP
TN(N) = T**(N-1)/N
150 CONTINUE
C
DO 250 K = 1, NKK
L=1
DO 220 N = 2, ICKWRK(IcNT + K - 1)-1
TEMP = RCKWRK(NCcTT + (K-1)*MXTP + N - 1)
IF (T .GT. TEMP) L = L+1
220 CONTINUE
C
NA1 = NcAA + (L-1)*NCP2 + (K-1)*NCP2T
SUM = 0.0
DO 225 N = 1, NCP
SUM = SUM + TN(N)*RCKWRK(NA1 + N - 1)
225 CONTINUE
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HML(K) = RUT * (SUM + RCKWRK(NA1 + NCP1 - 1)/T)
C
C Convert units from ergs/mole to J/Kmole
C
HML(K) = HML(K) * 1.0D-4
250 CONTINUE
RETURN
END

C
(&

SUBROUTINE CK_REACT_HEAT (PR, HML, RCKWRK, RH)

START PROLOGUE

o0 QN

C SUBROUTINE CK_REACT_HEAT (PR, HML, RH)
C Returns the rate of the reaction heat

(@]

C INPUT
C PR - Production rate of species
units - Kg/(m*3*s)
Dimension PR(*) at least KK, the total number of
species
HML - Enthalpies in molar units for the species.
mks units - J/Kmole
Data type - real array
Dimension HML(*) at least KK, the total number of
species.

OUTPUT
RH - Rate of the heat of reaction
units - J/(mA3%*s)
Data type - real scalar

oNoNeNoNoRoNoNoRoNoNoNo Ko Ke!

C END PROLOGUE
C
C*****double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+*END double precision
C*x¥**gingle precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
Cx**++END single precision
C

DIMENSION PR(*), HML(*), RCKWRK(*)

COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP, NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
NcWT, NcTT, NcAA, NcCO, NcRV, NcLLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncl1, Ncl2, NcI3, Ncl4

NP W=

C
RH=0.0
DO 150N =1, NKK
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RH =RH + PRIN)*HML(N)/RCKWRK(NcWT + N - 1)

150 CONTINUE
RETURN
END
C
C C
C
SUBROUTINE CK_MMWX (X, ICKWRK, RCKWRK, WTM)
C
C START PROLOGUE
C

C SUBROUTINE CKMMWX (X, ICKWRK, RCKWRK, WTM)
C Returns the mean molecular weight of the gas mixture given the
C mole fractions; see Eq. (4).
C
C INPUT
C X  -Mole fractions of the species.
cgs units - none
Data type - real array
Dimension X(*) at least KK, the total number of
species.
ICKWRK - Array of integer workspace.
Data type - integer array
Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.
Data type - real array
Dimension RCKWRK(*) at least LENRWK.

OUTPUT
WTM - mean molecular weight of the species mixture.
MKS units - kgm/kmol
Data type - real scalar

oNoNeNoEoNeNe o oo NeXo oo Ko Xe)

C END PROLOGUE
C
C*¥¥¥*double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***xxEND double precision
C#****gingle precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
CH*+***END single precision

C
DIMENSION X(*), ICKWRK(*), RCKWRK(*)
COMMON /CKSTRT/ NMM, NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,
1 NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
2 NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
3 IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,
4 IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
5 NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
6 NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
7 NcK2, NcK3, NcK4, NclIl, NcI2, NcI3, Ncl4
C
WTM =0.0

DO 100K =1, NKK
WTM = WTM + X(K)*RCKWRK(NcWT + K - 1)
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100 CONTINUE
RETURN
END

(oNe!

SUBROUTINE CK_MMWY (Y, ICKWRK, RCKWRK, WTM)
START PROLOGUE

SUBROUTINE CKMMWY (Y, ICKWRK, RCKWRK, WTM)
Returns the mean molecular weight of the gas mixture given the
mass fractions; see Eq. (3).

INPUT
Y - Mass fractions of the species.
cgs units - none
Data type - real array
Dimension Y(*) at least KK, the total number of
species.
ICKWRK - Armray of integer workspace.
Data type - integer array
Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.
Data type - real array
Dimension RCKWRK(*) at least LENRWK.

OUTPUT
WTM - mean molecular weight of the species mixture.
MKS units - kgm/Kmole
Data type - real scalar

oNoNoNoNeNoNoNoNoNoNoNoXoNo oo NoRoNoNo o oo Ne e o o No Ke!

C END PROLOGUE
C
C*****double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+x*END double precision
Ck****single precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C***+**END single precision

C
DIMENSION Y (*), ICKWRK(*), RCKWRK(*)
COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP, NCP1,
1 NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
2 NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
3 IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,
4 IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
5 NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
6 NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
7 NcK2, NcK3, NcK4, Ncl1, NclI2, NcI3, Ncl4
C
WTM =0.0

DO 100K = 1, NKK
WTM = WTM + Y(K)/RCKWRK(NcWT + K - 1)
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100 CONTINUE
WTM = 1.0/WTM

RETURN

C
A

SUBROUTINE CK_SPECIES_SOURCE (P, T, Y, ICKWRK, RCKWRK, WDOT)

START PROLOGUE

a0 aon

C SUBROUTINE CK_SPECIES_SOURCE (P, T, Y, ICKWRK, RCKWRK, WDOT)
C Returns the mass production rates of the species given the
C  pressure, temperature and mass fractions; see Eq. (49).

@

C INPUT
P - Pressure.
mks units - N/m”2 will be converted into
cgs units - dynes/cm”2 for CHEMKIN LIBRARY
1 N/m**2 = 10 dyne/cm”2 :
Data type - real scalar
T - Temperature.
units - K
Data type - real scalar
Y - Mass fractions of the species.
cgs units - none
Data type - real array
Dimension Y(¥) at least KK, the total number of
species.
ICKWRK - Array of integer workspace.
Data type - integer array
Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.
Data type - real array
Dimension RCKWRK(*) at least LENRWK.

OUTPUT
WDOT - Chemical mass production rates of the species.
mks units - Kg/(m*3*sec)
Data type - real array
Dimension WDOT(*) at least KK, the total number of
species.
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C END PROLOGUE
C
CH**+*precision > double
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)

C**+**x*¥END precision > double
CH*x¥¥kprecision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C****++END precision > single
C

DIMENSION ICKWRK(*), RCKWRK(*), Y(¥), WDOT(*)
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COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,

NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,

IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,

NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,

NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,

NcK2, NcK3, NcK4, Ncl1, NcI2, NcI3, Ncl4

Nonbh W=

dimension km(3000),im(3000),num(3000),nok(100)

common /ckknui/ km,im,num,nok,norderk
C

CALL CKRATT (RCKWRK, ICKWRK, NII, MXSP, RCKWRK(NcRU),
RCKWRK(NcPA), T, ICKWRK(IcNS), ICKWRK(IcNU),
ICKWRK(IcNK), NPAR+1, RCKWRK(NcCO), NREV,
ICKWRK(IcRV), RCKWRK(NcRV), NLAN, NLAR, ICKWRK(IcLT),
RCKWRK(NcLT), NRLT, ICKWRK(IcRL), RCKWRK(NcRL),
RCKWRK(NcK1), RCKWRK(NcKF), RCKWRK(NcKR),
RCKWRK(NcI1))

AN WD =

C
P =P *10.0 /* Convert into dyne/cm"2 */

CALL CKYTCP (P, T, Y, ICKWRK, RCKWRK, RCKWRK(NcK1))
C
C for some reason, if molar fraction is less than zero, the concentration would
C be assigned to zero

C

C doi=1,NKK

C if(RCKWRK(Nck1+i-1) .LT. 0.0d0) RCKWRK(Nck1+i-1) = 0.0d0
C enddo

CALL CKRATX (NII, NKK, MXSP, MXTB, T, RCKWRK(NcK1), ICKWRK(IcNS),
ICKWRK(IcNU), ICKWRK(IcNK), NFAL, ICKWRK(IcFL),
ICKWRK(IcFO), ICKWRK(IcKF), NFAR, RCKWRK(NcFL),

NTHB, ICKWRK(IcTB), ICKWRK(IcKN), RCKWRK(NcKT),
ICKWRK(IcKT), RCKWRK(NcKF), RCKWRK(NcKR),

RCKWRK(NcI1), RCKWRK(NcI2), RCKWRK(NcI3))

AW =

C
DO 50K =1, NKK
WDOT(K) = 0.0
50 CONTINUE

ncount =0
DO 110 KK =1, norderk
Do 120 N =1, nok(KK)
ncount = ncount + 1
I = im(ncount)
K = km(ncount)
WDOT(K) = WDOT(K)+(RCKWRK(NcI1+I-1)-RCKWRK(NcI2+I-1))*num(ncount)
120 CONTINUE
110 CONTINUE

C
C convert from moles/cm”3*s into Kg/mA3*s
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DO 150 K =1, NKK
WDOT(K) = WDOT(K)*RCKWRK(NcWT+K-1)*1.0d3
150 CONTINUE

P =P * 1.0D-1 /* Convert into N/MA2 */
RETURN
END

C
SUBROUTINE CK_FLUX (P, T, Y, NOS, CREACT, ICKWRK, cckwrk, rckwrk)

START PROLOGUE

INPUT
P - Pressure.
mks units - N/m"2 will be converted into
cgs units - dynes/cm”2 for CHEMKIN LIBRARY
1 N/m**2 = 10 dyne/cm”2
Data type - real scalar
T - Temperature.
units - K
Data type - real scalar
Y - Mass fractions of the species.
cgs units - none
Data type - real array
Dimension Y(*) at least KK, the total number of
species.
ICKWRK - Array of integer workspace.
Data type - integer array
Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.
Data type - real array
Dimension RCKWRK(*) at least LENRWK.
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C END PROLOGUE
C
C***x**precision > double
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+**END precision > double
C*#***kprecision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C**x*x*END precision > single

C
DIMENSION ICKWRK((*), RCKWRK(*), Y(*)
COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP, NCP1,
1 NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
2 NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
3 IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,
4 IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
5 NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
6 NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
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7 NcK2, NcK3, NcK4, Ncll, NcI2, NcI3, Ncl4
CHARACTER CCKWRK(*)*(*),CREACT(*)*(*)
logical found
dimension ir(300),Q(300)
dimension km(3000),im(3000),num(3000),nok(100)
common /ckknui/ km,im,num,nok,norderk

CALL CKRATT (RCKWRK, ICKWRK, NII, MXSP, RCKWRK(NcRU),
RCKWRK(NcPA), T, ICKWRK(IcNS), ICKWRK(IcNU),
ICKWRK(IcNK), NPAR+1, RCKWRK(NcCO), NREV,
ICKWRK(IcRV), RCKWRK(NcRV), NLAN, NLAR, ICKWRK(IcLT),
RCKWRK(NcLT), NRLT, ICKWRK(IcRL), RCKWRK(NcRL),
RCKWRK(NcK1), RCKWRK(NcKF), RCKWRK(NcKR),
RCKWRK(NcI1))

AN D WN -

P =P * 10.0 /* Convert into dyne/cm”2 */
CALL CKYTCP (P, T, Y, ICKWRK, RCKWRK, RCKWRK(NcK1))

CALL CKRATX (NII, NKK, MXSP, MXTB, T, RCKWRK(NcK1), ICKWRK(IcNS),
ICKWRK(IcNU), ICKWRK(IcNK), NFAL, ICKWRK(IcFL),
ICKWRK(IcFO), ICKWRK(IcKF), NFAR, RCKWRK(NCcFL),

NTHB, ICKWRK(IcTB), ICKWRK(IcKN), RCKWRK(NcKT),
ICKWRK(IcKT), RCKWRK(NcKF), RCKWRK(NcKR),

RCKWRK(NcI1), RCKWRK(NcI2), RCKWRK(NcI3))

W hHh W -

doi=1,100
Q(i) =0.0d0
ir@)=0
enddo
C
C Locate the reactions which are related to the species of interest
C
found = .false.
ncount =0
nc=1
DO 110 KK =1, norderk
Do 120N =1, nok(KK)
ncount = ncount + 1
I = im(ncount)
K = km(ncount)
if(K .eq. NOS) then
found = .true.
Q(nc) = (RCKWRK(NcI1+I-1)-RCKWRK(NcI2+I-1))*num(ncount)*1.0d3
ir(nc) =1
nc=nc+1
endif
120 CONTINUE
110 CONTINUE

if(.not. found) stop 'there is no reaction related to this species found'
nc=nc-1
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C Sort out the reactions by the absolute values and rank them

C
Do130i=2,nc
do140j=i,2,-1
if(ABS(QQ)) .GT. ABS(Q(-1))) then
buffer = Q)
Q@) =QG-1)
Q(-1) = buffer
ibuffer = ir(j)
ir() = ir(-1)
ir(j-1) = ibuffer
else
goto 130
endif
140 continue
130 continue
C

C Print out the ranking also provide the information about the percentage with
C regard to the maximum reaction rate

C
write(6,'(A,A,A/)") '-~mememm Rank of reactions associated to ',
& cckwrk(IcKK+NOS-1),"-=--e=e-eneme- !
write(6,*) 'No. Reaction Reaction rate %'
write(6,*) ' (Kmole/m*3*s) '
write(6,*) '--- -
Doi=1,nc
k=ir(i)
write(6,'(13,A35,1PE12.4,3X,1PE10.2)") i,creact(k)(1:35),Q(),
& QG)/Q(1)*100
enddo
P =P * 1.0D-1 /* Convert into N/MA2 */
RETURN
END
C
C C
C
SUBROUTINE CK_MOLE_PRODUCTION (P, T, Y, ICKWRK, RCKWRK, WDOT)
C
C START PROLOGUE
C

C SUBROUTINE CK_MOLE_PRODUCTION (P, T, Y, ICKWRK, RCKWRK, WDOT)
C Returns the mole fraction production rates of the species given the
C pressure, temperature and mass fractions; see Eq. (49).

C

C INPUT

C P  -Pressure.

C mks units - N/m”2 will be converted into

C cgs units - dynes/cm”2 for CHEMKIN LIBRARY
C 1 N/m**2 = 10 dyne/cm*2

C Data type - real scalar
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T - Temperature.
units - K
Data type - real scalar
Y - Mass fractions of the species.
cgs units - none
Data type - real array
Dimension Y(*) at least KK, the total number of
species.
ICKWRK - Array of integer workspace.
Data type - integer array
Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.
Data type - real array
Dimension RCKWRK(*) at least LENRWK.

OUTPUT
WDOT - Chemical mole fraction production rates of the species.
mks units - Kmole/(m*3*sec)
Data type - real array
Dimension WDOT(*) at least KK, the total number of
species.
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C END PROLOGUE
C
C¥****precision > double
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C*****END precision > double
C#***x**precision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C***+*END precision > single
C

DIMENSION ICKWRK(*), RCKWRK(*), Y(*), WDOT(*)

COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncll, NcI2, NcI3, Ncl4

NN DA W -

CALL CKRATT (RCKWRK, ICKWRK, NII, MXSP, RCKWRK(NcRU),
RCKWRK(NcPA), T, ICKWRK(IcNS), ICKWRK(IcNU),
ICKWRK(IcNK), NPAR+1, RCKWRK(NcCO), NREV,
ICKWRK(IcRV), RCKWRK(NcRV), NLAN, NLAR, ICKWRK(IcLT),
RCKWRK(NcLT), NRLT, ICKWRK(IcRL), RCKWRK(NcRL),
RCKWRK(NcK1), RCKWRK(NcKF), RCKWRK(NcKR),
RCKWRK(NcI1))

AN DA WN -

P =P * 10.0 /* Convert into dyne/cm”2 */

CALL CKYTCP (P, T, Y, ICKWRK, RCKWRK, RCKWRK(NcK1))
C
C for some reason, if molar fraction is less than zero, the concentration would
C be assigned to zero
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C

CALL CKRATX (NII, NKK, MXSP, MXTB, T, RCKWRK(NcK1), ICKWRK(IcNS),
ICKWRK(IcNU), ICKWRK(IcNK), NFAL, ICKWRK(IcFL),
ICKWRK(IcFO), ICKWRK(IcKF), NFAR, RCKWRK(NcFL),

NTHB, ICKWRK(IcTB), ICKWRK(IcKN), RCKWRK(NcKT),
ICKWRK(IcKT), RCKWRK(NcKF), RCKWRK(NcKR),

RCKWRK(NcI1), RCKWRK(NcI2), RCKWRK(NcI3))

N HWN =

DO 50 K =1, NKK
WDOT(K) = 0.0
50 CONTINUE

DO 100 N = 1, MXSP
DO 100I=1, NII
K = ICKWRK(IcNK + (I-1)*MXSP + N - 1)
NU= ICKWRK(IcNU + (I-1)*MXSP + N - 1)
IF (K .NE. 0)
1 WDOT(K) = WDOT(K)+(RCKWRK(NcI1+I-1)-RCKWRK(NcI2+I-1))*NU

100 CONTINUE

C
C
C

convert from moles/cm”3*s into Kmole/m”3*s

DO 150 K =1, NKK
WDOT(K) = WDOT(K)*1.0d3

150 CONTINUE

P =P * 1.0D-1 /* Convert into N/M~2 */
RETURN
END

C
L

a0 aQan

C
C

a0

C
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SUBROUTINE CK_Y2X (Y, ICKWRK, RCKWRK, X)
START PROLOGUE

SUBROUTINE CK_Y2X (Y, ICKWRK, RCKWRK, X)
Convert molar fractions of the species to mass fractions of the
the species.

INPUT
Y - Mass fractions of the species.
mks units - none
Data type - real array
Dimension X(¥*) at least KK, the total number of
species.
ICKWRK - Array of integer workspace.
Data type - integer array
Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.
Data type - real array
Dimension RCKWRK(*) at least LENRWK.
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OUTPUT
X - Array of mole fractions of the species.

Dimension X(¥) at least KK, the total number of
species.

oNoNoNoNoNeoXe]

C END PROLOGUE
C
C*****double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+*END double precision
C¥****single precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C**x*+*END single precision
C
DIMENSION Y(*), ICKWRK(*), RCKWRK((*), X(*)
COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,

1 NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
2 NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
3 IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,
4 IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
5 NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
6 NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
7 NcK2, NcK3, NcK4, Ncll, NcI2, NclI3, Ncl4
C
WIM =0.0

DO 100K = 1, NKK
WIM =WTM + Y(KYRCKWRK(NcWT + K - 1)
100 CONTINUE
WIM=1/WTM

DO 200 I=1, NKK
XM =YD* WIM/RCKWRK(NcWT +1I- 1)
200 CONTINUE

RETURN
END

C
\

SUBROUTINE CK_X2Y (X, ICKWRK, RCKWRK, Y)
START PROLOGUE

SUBROUTINE CK_X2Y (X, ICKWRK, RCKWRK, Y)
Convert molar fractions of the species to mass fractions of the
the species.

INPUT
X - Molar fractions of the species.
mks units - none
Data type - real array
Dimension X(*) at least KK, the total number of
species.

oo 00
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ICKWRK - Array of integer workspace.

Data type - integer array

Dimension ICKWRK(*) at least LENIWK.
RCKWRK - Array of real work space.

Data type - real array

Dimension RCKWRK(*) at least LENRWK.

OUTPUT
Y - Array of mass fractions of the species.

Dimension X(*) at least KK, the total number of
species.
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C END PROLOGUE
C
CH****double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***xx¥END double precision
C*****gingle precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C***x*END single precision
C .
DIMENSION Y(¥*), ICKWRK(*), RCKWRK(*), X(*)
COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRY,
IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncll, Ncl2, NcI3, Ncl4

NN A W -

C
WTM =0.0
DO 100 K= 1, NKK
WTM = WIM + X(K)*RCKWRK(NcWT + K - 1)
100 CONTINUE

DO 200I=1, NKK
Y(I) = X(I)* RCKWRK(NcWT +1- 1)/ WIM
200 CONTINUE

RETURN
END

0

SUBROUTINE CK_INITIAL_KNUI(ICKWRK)
START PROLOGUE
INITIALIZATION SUBROUTINE
INPUT

ICKWRK - ARRAY OF INTEGER WORKSPACE.
DATA TYPE - INTEGER ARRAY

a0 n a0
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C DIMENSION ICKWRK(*) AT LEAST LENIWK.
C
C OUTPUT
C
C END PROLOGUE
C
C***x**precision > double
C  IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+**END precision > double
C*****precision > single
IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C****+*END precision > single
C

DIMENSION ICKWRK(*)

COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP, NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,
NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncll, NcI2, NcI3, Ncl4

NN DA W -

DIMENSION KM(3000),IM(3000),NUM(3000),NOK(100)
COMMON /CKKNUV KM,IM,NUM,NOK,NORDERK
C
C DEMYSTERIFY THE MEANINGS OF VARIABLES :
C K: SPECIES
C I: REACTION
C NU : STOICHIOMETRIC COEFFICIENT ASSOCIATED WITH REACTION I FOR SPECIES K
C
NCOUNT =0
DO 100 N = 1, MXSP
DO 1001=1, NII .
K =ICKWRK(IcNK + (I-1)*MXSP + N - 1)
NU=ICKWRK(IcNU + (I-1)*MXSP + N - 1)
IF (K .NE. 0) THEN
NCOUNT = NCOUNT + 1
KM(NCOUNT) =K
IM(NCOUNT) =1
NUM(NCOUNT) =NU
ENDIF
100 CONTINUE

C SORT OUT THE MATRIES ACCORDING TO THE ORDER OF K

DO 150I=2, NCOUNT
DO 200N =1.2,-1
IF(KM(N-1) .GT. KM(N)) THEN

KBUFFER = KM(N-1)
KM(N-1) = KM(N)
KM(N) =KBUFFER
IBUFFER = IM(N-1)
IM(N-1) = IM(N)
IM(N) =IBUFFER
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NBUFFER = NUM(N-1)

NUM(N-1) = NUM(N)

NUM(N) =NBUFFER
ENDIF

200 CONTINUE
150 CONTINUE

C COUNT HOW MANY ELEMENTS ARE OCCUPIED BY EACH K

NKCOUNT =1
NORDERK =1
DOI=2,NCOUNT
IF (KM(-1) .EQ. KM(I)) THEN
NKCOUNT = NKCOUNT+1
ELSE
NOK(NORDERK) = NKCOUNT
NKCOUNT =1
NORDERK = NORDERK + 1
ENDIF
ENDDO

C CHECK THE LAST ELEMENT
IF(NKCOUNT .NE. 1) NOK(NORDERK) = NKCOUNT

RETURN
END

C

SUBROUTINE CK_REACTION_I (P,T,Y, JCKWRK,RCKWRK,NOS,NOR,IR,RM)
START PROLOGUE

RETURNS THE MOLE FRACTION PRODUCTION RATES OF THE SPECIES GIVEN THE
PRESSURE, TEMPERATURE AND MASS FRACTIONS; SEE EQ. (49) IN CHEMKIN MEMU.

INPUT

P - PRESSURE.
MKS UNITS - N/M*2 WILL BE CONVERTED INTO
CGS UNITS - DYNES/CM”*2 FOR CHEMKIN LIBRARY
1 N/M**2 = 10 DYNE/CM”2
DATA TYPE - REAL SCALAR

T - TEMPERATURE.
UNITS - K
DATA TYPE - REAL SCALAR

Y - MASS FRACTIONS OF THE SPECIES.
CGS UNITS - NONE
DATA TYPE - REAL ARRAY
DIMENSION Y(*) AT LEAST KK, THE TOTAL NUMBER OF
SPECIES.

ICKWRK - ARRAY OF INTEGER WORKSPACE.
DATA TYPE - INTEGER ARRAY
DIMENSION ICKWRK(*) AT LEAST LENIWK.
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RCKWRK - ARRAY OF REAL WORK SPACE.

DATA TYPE - REAL ARRAY
DIMENSION RCKWRK(*) AT LEAST LENRWK.

NOR - NUMBER OF REACTION OF INTEREST
- ARRAY OF REACTIONS OF INTEREST

DATA TYPE - INTEGER ARRAY DIMENSION
IR(*) AT LEAST NOR

OUTPUT

- ARRAY OF REACTIONS RATE OF INTEREST
DATA TYPE - DOUBLE PRECISION ARRAY
MKS UNITS - KMOLE/(M*3*SEC)

C END PROLOGUE

C

CH***x*precision > double

IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)

C**+**x*¥END precision > double
C*****precision > single

C

IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)

C*#+xxxEND precision > single

C

DIMENSION ICKWRK(*), RCKWRK(*), Y(*), RM(¥*),IR(*)

COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP, NCP1,

b = WV I VA I S

NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,

NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncll, NcI2, NcI3, Ncl4

CALL CKRATT (RCKWRK, ICKWRK, NII, MXSP, RCKWRK(NcRU),

AWNDBEWN -~

RCKWRK(NcPA), T, ICKWRK(IcNS), ICKWRK(IcNU),
ICKWRK(IcNK), NPAR+1, RCKWRK(NcCO), NREV,
ICKWRK(IcRV), RCKWRK(NcRV), NLAN, NLAR, ICKWRK(IcLT),
RCKWRK(NcLT), NRLT, ICKWRK(IcRL), RCKWRK(NcRL),
RCKWRK(NcK1), RCKWRK(NcKF), RCKWRK(NcKR),
RCKWRK(NcI1))

P =P * 10.0 /* Convert into dyne/cm”2 */

CALL CKYTCP (P, T, Y, ICKWRK, RCKWRK, RCKWRK(NcK1))

CALL CKRATX (NII, NKK, MXSP, MXTB, T, RCKWRK(NcK1), ICKWRK(IcNS),

N HWN

ICKWRK(IcNU), ICKWRK(IcNK), NFAL, ICKWRK(IcFL),
ICKWRK(IcFO), ICKWRK(IcKF), NFAR, RCKWRK(NcFL),
NTHB, ICKWRK(IcTB), ICKWRK(IcKN), RCKWRK(NcKT),
ICKWRK(IcKT), RCKWRK(NcKF), RCKWRK(NcKR),
RCKWRK(NcI1), RCKWRK(NcI2), RCKWRK(NcI3))

DO 50K =1,NOR

RM(K)=0.0

50 CONTINUE
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DO 100II =1, NOR
DO 100 N = 1, MXSP
I=IR(I)
K =ICKWRK(IcNK + (I-1)*MXSP +N - 1)
NU= ICKWRK(IcNU + (I-1)*MXSP + N - 1)
IF (K .EQ. NOS)
1 RM(II) = RM(ID+RCKWRK(NcI1+I-1)-RCKWRK(NcI2+I-1))*NU*1.0d3
100 CONTINUE

P =P * 1.0D-1 /* Convert into N/MA2 */
RETURN
END

(d) tran_1d

C
C
C

SUBROUTINE MC_ACON (T, X, RMCWRK, CONMIX)
C
C*****double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***++*xEND double precision
C
CH****gingle precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C**+:**xEND single precision
C
CCCCCCCCCCCCeeeceeeeeceecececcceccceccecececcecececececeecceccecececcecceccecc
CCcC
C
C SUBROUTINE MCACON (T, X, RMCWRK, CONMIX)
C
C THIS SUBROUTINE COMPUTES THE MIXTURE THERMAL CONDUCTIVITY, GIVEN
C THE TEMPERATURE AND THE SPECIES MOLE FRACTIONS.
C

(@]
-2
:

- TEMPERATURE
CGS UNITS - K.

- ARRAY OF MOLE FRACTIONS OF THE MIXTURE.
DIMENSION X(*) AT LEAST KK.

>

WORK-

RMCWRK - ARRAY OF FLOATING POINT STORAGE AND WORK SPACE. THE
STARTING ADDRESSES FOR THE RMCWRK SPACE ARE STORED IN
COMMON /MCMCMC/.

DIMENSION RMCWRK(*) AT LEAST LENRMC.

oloNoNoloNoNoNoNoNoNe!

C OUTPUT-
C CONMIX - MIXTURE THERMAL CONDUCTIVITY
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C UNITS - J/M*K*S, which is converted from cgs unit,
C used in CHEMKIN library (ERG/CM*K*S).
C
CCCCCCCCCCCeeeeecceeecceeccececceeccceceeccceecececececccececececcecceeccecceeececce
CCCC
C
DIMENSION X(*), RMCWRK(*)
C
COMMON /MCMCMC/ RU, PATMOS, SMALL, NKK, NO, NLITE, INLIN, IKTDIF,
IPVT, NWT, NEPS, NSIG, NDIP, NPOL, NZROT, NLAM,
NETA, NDIF, NTDIF, NXX, NVIS, NXI, NCP, NCROT,
NCINT, NPARK, NBIND, NEOK, NSGM, NAST, NBST,
NCST, NXL, NR, NWRK, K3

HWN -

IN THE FOLLOWING CALL:
THE PURE SPECIES CONDUCTIVITIES ARE IN RMCWRK(NXT)

oNoNoNoKe!

ALOGT =LOG(T)
CALL MCEVAL (ALOGT, NKK, NO, RMCWRK(NLAM), RMCWRK(NXI))
DO 25 K=1,NKK
RMCWRK(NXI+K-1) = EXP(RMCWRK(NXI+K-1))
25 CONTINUE
C
SUM = 0.0E0
SUMR = 0.0EO
DO 100K =1, NKK
SUM = SUM + X(K)*RMCWRK(NXI+K-1)
SUMR = SUMR + X(KYRMCWRK(NXI+K-1)
100 CONTINUE
C
CONMIX = 0.5E0 * (SUM + 1.0E0/SUMR)

C  Change unit from ERG/CM*K*S to J/M*K*S

CONMIX = CONMIX * 1.0E-5

0

RETURN
END

[oEo X!

SUBROUTINE MC_ADIF (P, T, X, RMCWRK, D)
C
C*****double precision
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C**x**END double precision
C
C*#****gingle precision
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C*****END single precision
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcececceccececcceccececececcececcececececccececec
Cccc
C

163



C SUBROUTINE MCADIF (P, T, X, RMCWRK, D)

C

C THIS SUBROUTINE COMPUTES MIXTURE-AVERAGED DIFFUSION COEFFICIENTS
C GIVEN THE PRESSURE, TEMPERATURE, AND SPECIES MASS FRACTIONS.

C

C INPUT-

C P -PRESSURE

C UNITS - PA, WHICH IS USED IN 1-D CODE, WILL BE CONVERTED INTO
C CGS UNITS - DYNES/CM**2,
C T -TEMPERATURE
C CGS UNITS - K.
C X -ARRAY OF MOLE FRACTIONS OF THE MIXTURE.
C DIMENSION X(*) AT LEAST KK.
C
C WORK-
C RMCWRK - ARRAY OF FLOATING POINT STORAGE AND WORK SPACE. THE
C STARTING ADDRESSES FOR THE RMCWRK SPACE ARE STORED IN
C COMMON /MCMCMC/.
C DIMENSION RMCWRK(*) AT LEAST LENRMC.
C
C OUTPUT-
C D - ARRAY OF MIXTURE DIFFUSION COEFFICIENTS
C UNITS - M**2/S, which is converted from CGS unit,
C used in CHEMKIN library.
C DIMENSION D(*) AT LEAST KK.
C
CCCCCCCCreeeecccececececeececccececceecccececeecececcceccececcccccecececceccccccccccec
CCCC .
C
DIMENSION X(*), D(*), RMCWRK(*)
C
COMMON /MCMCMC/ RU, PATMOS, SMALL, NKK, NO, NLITE, INLIN, IKTDIF,
1 IPVT, NWT, NEPS, NSIG, NDIP, NPOL, NZROT, NLAM,
2 NETA, NDIF, NTDIF, NXX, NVIS, NXI, NCP, NCROT,
3 NCINT, NPARK, NBIND, NEOK, NSGM, NAST, NBST,
4 NCST, NXL, NR, NWRK, K3
C
CALL MCEDIF (T, NO, NKK, X, RMCWRK(NDIF), RMCWRK(NWT), SMALL,
1 RMCWRK(NXX), RMCWRK(NBIND), D)
C

DO 100 K =1, NKK

D(K) = D(K) * PATMOS/(P*1.0D1)
C  Change unit from CM**2/S to M**2/S

D(K) = D(K) * 1.0E-4

100 CONTINUE
C
RETURN
END
C
SUBROUTINE MCINIT (LINKMC, LOUT, LENIMC, LENRMC, IMCWRK, RMCWRK)
C
C*****precision > double
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IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C*****END precision > double
C
C*#****precision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C*****xEND precision > single
C
CCCCCCCCCeeeeeccececcececeececececcececceccecececccececcececececccecececececececccccecccccce
CCC
C
C SUBROUTINE MCINIT (LINKMC, LOUT, LENIMC, LENRMC, IMCWRK, RMCWRK)

THIS SUBROUTINE SERVES TO READ THE LINKING FILE FROM THE FITTING

CODE AND TO CREATE THE INTERNAL STORAGE AND WORK ARRAYS, IMCWRK(¥)
AND RMCWRK(*). MCINIT MUST BE CALLED BEFORE ANY OTHER TRANSPORT
SUBROUTINE IS CALLED. IT MUST BE CALLED AFTER THE CHEMKIN PACKAGE

IS INITIALIZED.

INPUT-
LINKMC - LOGICAL UNIT NUMBER OF THE LINKING FILE.
FITTING CODE WRITE TO DEFAULT UNIT 35
LOUT -LOGICAL UNIT NUMBER FOR PRINTED OUTPUT.
LENIMC - ACTUAL DIMENSION OF THE INTEGER STORAGE AND WORKING
SPACE, ARRAY IMCWRK(*). LENIMC MUST BE AT LEAST:
LENIMC = 4*KK + NLITE
WHERE, KK =NUMBER OF SPECIES.
NLITE = NUMBER OF SPECIES WITH MOLECULAR WEIGHT
LESS THANS.
LENRMC - ACTUAL DIMENSION OF THE FLOATING POINT STORAGE AND
WORKING SPACE, ARRAY RMCWRK(*). LENRMC MUST BE AT LEAST:
LENRMC = KK*(19 + 2*NO + NO*NLITE) + (NO+15)*KK**2
WHERE, KK =NUMBER OF SPECIES.
NO =ORDER OF THE POLYNOMIAL FITS,
DEFAULT, NO=4.
NLITE = NUMBER OF SPECIES WITH MOLECULAR WEIGHT
LESS THAN 5.

WORK-

IMCWRK - ARRAY OF INTEGER STORAGE AND WORK SPACE. THE STARTING
ADDRESSES FOR THE IMCWRK SPACE ARE STORED IN
COMMON /MCMCMC/.

DIMENSION IMCWRK(*) AT LEAST LENIMC.

RMCWRK - ARRAY OF FLOATING POINT STORAGE AND WORK SPACE. THE
STARTING ADDRESSES FOR THE RMCWRK SPACE ARE STORED IN
COMMON /MCMCMC/.

DIMENSION RMCWRK((*) AT LEAST LENRMC.
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CCCCCCCCCCCCeeeeeeeceeceecececceecccececceecccceececccecceccecceccccceccecc
CCCccccce
C

DIMENSION IMCWRK(*), RMCWRK(*)

CHARACTER*16 VERS, PREC

LOGICAL IOK, ROK, KERR

COMMON /MCCONS/ VERS, PREC, KERR, LENI, LENR
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COMMON /MCMCMC/ RU, PATMOS, SMALL, NKK, NO, NLITE, INLIN, IKTDIF,
1 IPVT, NWT, NEPS, NSIG, NDIP, NPOL, NZROT, NLAM,

NETA, NDIF, NTDIF, NXX, NVIS, NXI, NCP,

NCROT, NCINT, NPARK, NBIND, NEOK, NSGM,

NAST, NBST, NCST, NXL, NR, NWRK, K3

AW

THE FOLLOWING NUMBER SMALL IS USED IN THE MIXTURE DIFFUSION
COEFFICIENT CALCULATION. ITS USE ALLOWS A SMOOTH AND WELL
DEFINED DIFFUSION COEFFICIENT AS THE MIXTURE APPROACHES A
PURE SPECIES, EVEN THOUGH STRICTLY SPEAKING THERE DOES NOT
EXIST A DIFFUSION COEFFICIENT IN THIS CASE. THE VALUE OF
"SMALL" SHOULD BE SMALL RELATIVE TO ANY SPECIES MOLE FRACTION
OF IMPORTANCE, BUT LARGE ENOUGH TO BE REPRESENTED ON THE
COMPUTER.

oNoNoNoNoNoNoNoNoNoXe!

SMALL = 1.0E-20

RU =8.314E+07

PATMOS= 1.01325E+06
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCeeeeecceceececcececececececececececececcecececcececceccce
CCCCcCC :
C
C WRITE VERSION NUMBER
C

WRITE (LOUT, 15)

15 FORMAT(

17 TRANLIB: Multicomponent transport library,’,

2/ CHEMKIN-II Version 1.7, October 1992',
C****¥precision > double

3/ DOUBLE PRECISION")
C+***+*+END precision > double
C***x**precision > single
Cc 3 SINGLE PRECISION")
CH**x*END precision > single
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeCeeeeeeecececeececeeececcecceccecceccececccece
CCCccccce
C
C READ THE PROBLEM SIZE
C

CALL MCLEN (LINKMC, LOUT, LI, LR)

IOK = (LENIMC .GE. LI)

ROK = (LENRMC .GE. LR)

write(6,*) LENRMC, LR

IF (NOT.IOK .OR. .NOT.ROK) THEN
IF (.NOT. IOK) WRITE (LOUT, 300) LI
IF (NOT. ROK) WRITE (LOUT, 350) LR
STOP

ENDIF

REWIND LINKMC

READ (LINKMC, ERR=999) VERS, PREC, KERR
READ (LINKMC, ERR=999) L1, LR, NO, NKK, NLITE
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NK = NO*NKK

NK2 = NO*NKK*NKK
K2 = NKK*NKK

K3 =3*NKK

K32 =K3*K3

NKT = NO*NKK*NLITE

APPORTION THE REAL WORK SPACE
THE POINTERS HAVE THE FOLLOWING MEANINGS:
NWT - THE SPECIES MOLECULAR WEIGHTS.
NEPS - THE EPSILON/K WELL DEPTH FOR THE SPECIES.
NSIG - THE COLLISION DIAMETER FOR THE SPECIES.
NDIP - THE DIPOLE MOMENTS FOR THE SPECIES.
NPOL - THE POLARIZABILITIES FOR THE SPECIES.
NZROT - THE ROTATIONAL RELAXATION COLLISION NUMBERS.
NLAM - THE COEFFICIENTS FOR THE CONDUCTIVITY FITS.
NETA - THE COEFFICIENTS FOR THE VISCOSITY FITS.
NTDIF - THE COEFFICIENTS FOR THE THERMAL DIFFUSION
RATIO FITS.
NXX - THE MOLE FRACTIONS.
NVIS - THE SPECIES VISCOSITIES. -
NXI - THE ROTATIONAL RELAXATION COLLISION NUMBERS BEFORE
THE PARKER COFFECTION.
NCP - THE SPECIES SPECIFIC HEATS.
NCROT - THE ROTATIONAL PARTS OF THE SPECIFIC HEATS.
NCINT - THE INTERNAL PARTS OF THE SPECIFIC HEATS.
NPARK - THE ROTATIONAL RELAXATION COLLISION NUMBERS AFTER
THE PARKER CORRECTION.
NBIND - THE BINARY DIFFUSION COEFFICIENTS.
NEOK - THE MATRIX OF REDUCED WELL DEPTHS.
NSGM - THE MATRIX OF REDUCED COLLISION DIAMETERS.
NAST - THE MATRIX OF A* COLLISION INTEGRALS FOR EACH
SPECIES PAIR.
NBST - THE MATRIX OF B* COLLISION INTEGRALS FOR EACH
SPECIES PAIR.
NCST - THE MATRIX OF C* COLLISION INTEGRALS FOR EACH
SPECIES PAIR.
NXL - THE "L" MATRIX.
NR - THE RIGHT HAND SIDES OF THE LINEAR SYSTEM
INVOLVING THE "L" MATRIX.
NWRK - THE WORK SPACE NEEDED BY LINPACK TO SOLVE THE
"L" MATRIX LINEAR SYSTEM.

NWT =1

NEPS = NWT + NKK
NSIG = NEPS + NKK
NDIP = NSIG + NKK
NPOL = NDIP + NKK
NZROT= NPOL + NKK

NLAM = NZROT + NKK
NETA = NLAM + NK
NDIF = NETA + NK
NTDIF= NDIF + NK2
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C

NXX = NTDIF + NO*NKK*NLITE
NVIS = NXX + NKK

NXI =NVIS + NKK

NCP =NXI + NKK

NCROT=NCP + NKK

NCINT= NCROT + NKK

NPARK= NCINT + NKK

NBIND= NPARK + NKK
NEOK = NBIND + K2
NSGM = NEOK + K2
NAST = NSGM + K2
NBST = NAST + K2
NCST = NBST + K2

NXL =NCST + K2

NR =NXL + K32
NWRK = NR + K3
NTOT=NWRK +K3-1

APPORTION THE INTEGER WORK SPACE
THE POINTERS HAVE THE FOLLOWING MEANING:

INLIN - THE INDICATORS FOR THE MOLECULE LINEARITY.
IKTDIF- THE SPECIES INDICIES FOR THE "LIGHT" SPECIES.
IPVT - THE PIVOT INDICIES FOR LINPACK CALLS.

INLIN=1

IKTDIF= INLIN + NKK
IPVT =IKTDIF + NLITE
ITOT =IPVT +K3-1

READ THE DATA FROM THE LINK FILE

READ (LINKMC, ERR=999) PATMOS, (RMCWRK(NWT+N-1),
RMCWRK(NEPS+N-1), RMCWRK(NSIG+N-1),

RMCWRK(NDIP+N-1), RMCWRK(NPOL+N-1), RMCWRK(NZROT+N-1),
IMCWRK(INLIN+N-1), N=1,NKK),

(RMCWRK(NLAM+N-1), N=1,NK), (RMCWRK(NETA+N-1), N=1,NK),
(RMCWRK(NDIF+N-1), N=1,NK2),

(IMCWRK(IKTDIF+N-1), N=1,NLITE), (RMCWRK(NTDIF+N-1), N=1,NKT)

AN AW -

SET EPS/K AND SIG FOR ALL LJ PAIRS

CALL MCEPSG (NKK, RMCWRK(NEPS), RMCWRK(NSIG), RMCWRK(NDIP),
1 RMCWRK(NPOL), RMCWRK(NEOK), RMCWRK(NSGM) )

300 FORMAT (10X, IMCWRK MUST BE DIMENSIONED AT LEAST ', I5)
350 FORMAT (10X,RMCWRK MUST BE DIMENSIONED AT LEAST ', I5)

RETURN

999 WRITE (LOUT, *) ' Error reading Transport linking file...'
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STOP
END

oNoNe!

SUBROUTINE MCLEN (LINKMC, LOUT, LI, LR)
C
CH**x¥*precision > double
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+*END precision > double
C
C**x¥*precision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C***+*END precision > single
C
PARAMETER (NLIST = 3)
LOGICAL KERR, IERR, VOK, POK
CHARACTER*16 LIST(NLIST), VERS, PREC, V, P
COMMON /MCCONS/ VERS, PREC, KERR, LENI, LENR
DATA LIST/'1.7','1.8','1.97

VERS ="'
PREC=""
LENI=0

LENR =0

LI =LENI

LR =LENR
KERR = .FALSE.
IERR = KERR

REWIND (LINKMC)
READ (LINKMC, ERR=999) VERS, PREC, KERR

VOK = .FALSE.
DO 5 N =1, NLIST
IF (VERS .EQ. LIST(N)) VOK = .TRUE.
5 CONTINUE
C
POK = .FALSE.
C****x*precision > double
IF (INDEX(PREC, 'DOUB’) .GT. 0) POK =.TRUE.
C**xx*¥END precision > double
C***¥*precision > single
C IF (INDEX(PREC, 'SING") .GT. 0) POK =.TRUE.
C***++*END precision > single
C
IF (KERR .OR. (NOT.POK) .OR. (.NOT.VOK)) THEN
IF (KERR) THEN
WRITE (LOUT,'(/A/A))
1 'There is an error in the transport linking file...",
2 ' Check TRANFIT output for error conditions.'
ENDIF
IF (.NOT. VOK) THEN
WRITE (LOUT,'(/A,A)")
1 ' Transport Linking File is incompatible with Transport',
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2  'Library Version 1.7'

ENDIF

IF (NOT. POK) THEN

WRITE (LOUT, '(/A,A))

1  'Precision of Transport Linking File does not agree with',
2  'precision of Transport Library'

ENDIF

STOP
ENDIF

READ (LINKMC, ERR=999) LENIMC, LENRMC, NO, NKK, NLITE
REWIND (LINKMC)
LENI = LENIMC
LENR = LENRMC
LI =LENI
LR =LENR
RETURN
C
999 CONTINUE
C
WRITE (LOUT, 50)
50 FORMAT :
1 ( Error reading Multi-component Transport linking file.")
STOP
END

C
C
SUBROUTINE MCEPSG (KK, EPS, SIG, DIP, POL, EOK, SGM)
C
CH*x**precision > double
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
CH**xx*xEND precision > double
C
CH**x**precision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C**+++END precision > single
C
CCCCCCCCCCCCCCCCCCCCCCCCCcececereececececceecceccceccccceccceccecceccceecceccc
Cccccce
C
C SUBROUTINE MCEPSG (KK, EPS, SIG, DIP, POL, EOK, SGM)

THIS SUBROUTINE COMPUTES THE REDUCED WELL DEPTH EOK(I,J) AND
COLLISION DIAMETER SGM(LJ) FOR EACH 1,J SPECIES PAIR. THE

ROUTINE IS CALLED ONLY ONCE BY THE INITIALIZATION SUBROUTINE MCINIT
THIS ROUTINE IS NORMALLY NOT CALLED BY THE USER.

INPUT-

KK - NUMBER OF SPECIES

EPS - ARRAY OF LENNARD-JONES POTENTIAL WELL DEPTHS.
CGS UNITS - K.
DIMENSION EPS(*) AT LEAST KK

SIG - ARRAY OF LENNARD-JONES COLLISION DIAMETERS.
UNITS - ANGSTROMS.
DIMENSION SIG(*) AT LEAST KK

oloNoXoNoNoNoloNoRoRoNoNo !
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DIP - ARRAY OF DIPOLE MOMENTS
UNITS - DEBYE
DIMENSION DIP(*) AT LEAST KK

POL - ARRAY OF POLARIZABILITIES.
UNITS - ANGSTROMS*#3.
DIMENSION POL(*) AT LEAST KK

OUTPUT-

EOK - MATRIX OF REDUCED WELL DEPTHS FOR EACH SPECIES PAIR.

UNITS -K

DIMENSION EOK(KDIM,*) EXACTLY KDIM FOR THE FIRST
DIMENSION, AND AT LEAST KK FOR THE SECOND.
SGM - MATRIX OF REDUCED COLLISION DIAMETERS FOR EACH SPECIES
PAIR.
UNITS - ANGSTROMS.
DIMENSION SGM(KDIM,*) EXACTLY KDIM FOR THE FIRST
DIMENSION, AND AT LEAST KK FOR THE SECOND.

oloNo Koo NeEoNoEo o Koo Koo o Ro Ko Xe!

CCCCCCCCCCCCeecececceceecececececceeeceececceecececececececcccccccceeceeccececcce
cccccce
C
DIMENSION EPS(*), SIG(*), DIP(*), POL(*), EOK(KK,*), SGM(KK,*)
C
DATA PI/3.1415926535/, FDTCGS/1.0E-18/, FATCM/1.0E8/,
1 DIPMIN/1.0E-20/, BOLTZ/1.38056E-16/

COMPUTE AND STORE EPS/K AND SIGMA FOR ALL PAIRS
DO 1000J=1,KK
DO 1000K=1,]J
IF(DIP(J).LT.DIPMIN .AND. DIP(K).GT.DIPMIN)) THEN

KIS POLAR, J IS NONPOLAR

a0 a0 0 oo

XI = 1.0E0 + 0.25E0*(POL(J)/SIG(J)**3) *
(FDTCGS**2*FATCM**3/BOLTZ) *
(DIP(K)**2/(EPS(K)*SIG(K)**3)) *

SQRT(EPS(K)/EPS(J))

SGM(K,J) = 0.5E0 * (SIG(J)+SIG(K)) * XI**(-1.0E0/6.0E0)

SGM(J,K) = SGM(K,T)

EOK(K.,J) = SQRT(EPS(J)*EPS(K)) * XI**2

EOK(J,K) = EOK(K.J)

W N -

ELSE IF((DIP(J).GT.DIPMIN .AND. DIP(K).LT.DIPMIN)) THEN

JIS POLAR, K IS NONPOLAR

naoa 0

XI = 1.0E0 + 0.25E0*(POL(K)/SIG(K)**3) *
(FDTCGS**2*FATCM**3/BOLTZ) *
(DIPJ)**2/(EPSJ)*SIG(J)**3)) *

SQRT(EPS(J)/EPS(K))
SGM(K,J) = 0.5E0 * (SIG(J)+SIG(K)) * XI**(-1.0E0/6.0E0)
SGM(J,K) = SGM(K,J)

W N =
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EOK(K,J) = SQRT(EPS(J)*EPS(K)) * XI**2
EOK(J.K) = EOK(K.J)

C
ELSE
C
C NORMAL CASE, EITHER BOTH POLAR OR BOTH NONPOLAR
C
SGM(K,]) = 0.5E0 * (SIG() + SIG(K))
SGM(J,K) = SGM(K,J)
EOK(K,J) = SQRT(EPS(J)*EPS(K))
EOK(J,K) = EOK(K,])
C
ENDIF
1000 CONTINUE
C
RETURN
END
C
C
C
SUBROUTINE MCEVAL (TF, KK, NO, COF, VAL)
c . .

CH****precision > double
IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C**+*+**¥END precision > double
C
C*****precision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C****x*END precision > single
C
CCCCCCCCCCCCCCCCCCCCCCCCCCeccececeececececceceeccecccccecceccecceecccec
C :
C SUBROUTINE MCEVAL (TF, KK, NO, COF, VAL)

C

C THIS SUBROUTINE USES HORNERS ALGORITHM TO EVALUATE A POLYNOMIAL
C FIT. THIS ROUTINE IS NOT NORMALLY CALLED BY THE PACKAGE USER.
C

C INPUT-

C TF -INDEPENDENT VARIABLE OF FIT. EITHER TEMPERATURE

C OR LOG TEMPERATURE.

C KK -NUMBER OF SPECIES.

C NO - ORDER OFFIT.

C COF -MATRIX OF FIT COEFFICIENTS. COF(N,K) IS THE NTH

C COEFFICIENT OF A FIT FOR KTH SPECIES PROPERTY.

C DIMENSION COF(NO,*) EXACTLY NO FOR THE FIRST

C DIMENSION AND AT LEAST KK FOR THE SECOND.

C

C OUTPUT-

C VAL - ARRAY OF VALUES, EVALUATED FROM THE FIT AT TF.

C DIMENSION VAL(*) AT KEAST KK.

C

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
C

DIMENSION COF(NO,*), VAL(¥*)
C
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NOMI1 =NO-1
C
DO 200K =1,KK
B = COF(NO,K)
DO 100I=1, NOM1
B = COF(NO-LK) + B*TF
100 CONTINUE
VAL(K)=B
200 CONTINUE
C
RETURN
END

oNoNe!

SUBROUTINE MCEDIF(T, NO, KX, X, COFD, WT, SMALL, XX, DJK, D)
C
C****x*precision > double

IMPLICIT DOUBLE PRECISION (A-H, O-Z), INTEGER (I-N)
C***+*END precision > double
C
C*****precision > single
C IMPLICIT REAL (A-H, O-Z), INTEGER (I-N)
C*****+END precision > single
C
CCCCCCCCCCCCCCCCCCrereeeececeeeeeeecceeceeceeccecceccecceecccececcececcceccce
Cccc
C
C SUBROUTINE MCEDIK(T, NO, KK, X, COFD, WT, SMALL, XX, DIJK, D)

THIS SUBROUTINE IS USED INTERNALLY TO COMPUTE THE MIXTURE
DIFFUSION COEFFICIENTS. NORMALLY NOT CALLED BY THE PACKAGE USER.

INPUT-
T - TEMPERATURE
CGS UNITS - K.
NO - ORDER OFFIT.
KK - NUMBER OF SPECIES.
X - ARRAY OF MOLE FRACTIONS OF THE MIXTURE.
DIMENSION X(*) AT LEAST KK.
COFD - COEFFICIENTS OF THE FITS FOR THE BINARY DIFFUSION
COEFFICIENTS.
DIMENSION COFD(NO,KK,*) EXACTLY NO FOR
FIRST DIMENSION, KK FOR THE SECOND, AND AT
LEAST KK FOR THE THIRD.
WT - ARRAY OF SPECIES MOLECULAR WEIGHTS.
DIMENSION WT(*) AT LEAST KK.
SMALL - A SMALL NUMBER ADDED TO ALL MOLE FRACTIONS BEFORE
COMPUTING THE MIXTURE DIFFUSION COEFFICIENTS.
THIS PROCESS AVOIDS AN UNDEFINED SITUATION WHEN
A PURE SPECIES CONDITION IS APPROACHED.
XX - ARRAY OF MOLE FRACTIONS PLUS "SMALL," TO AVOID THE
PROBLEM OF A PURE SPECIES.
DIMENSION XX(*) AT LEAST KK.

sEeNoloNoKoNoNoloNoReRo oo NoNoEoRoNo o N NoEo N o o Ke!
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C WORK-
C RMCWRK - ARRAY OF FLOATING POINT STORAGE AND WORK SPACE. THE

C STARTING ADDRESSES FOR THE RMCWRK SPACE ARE STORED IN
C COMMON /MCMCMC/.
C DIMENSION RMCWRK(*) AT LEAST LENRMC.
C
C OUTPUT-
C D - ARRAY OF MIXTURE DIFFUSION COEFFICIENTS
C CGS UNITS - CM**2/S.
C DIMENSION D(*) AT LEAST KK.
C DIK -MATRIX OF BINARY DIFFUSION COEFFICIENTS. DJK(J,K) IS
C DIFFUSION COEFFICIENT OF SPECIES J IN SPECIES K.
C CGS UNITS - CM**2/S
C DIMENSION DJK(KDIM,*) EXACTLY KDIM FOR THE FIRST
C DIMENSION AND AT LEAST KK FOR THE SECOND.
C
CCCCCCCCCCCCCCCCCCeeeeeceecceecceceecceecececcceccecececccececcecececcceeccecc
CCCC
C
DIMENSION X(*), COFD(NO,KK,*), WT(*), XX(*), DIK(KK,*), D(*)
C

ALOGT =LOG(T)
DO 100K =1,KK
CALL MCEVAL (ALOGT, KK, NO, COFD(1,1,K), DJK(1,K) )
100 CONTINUE
C
DO 150K =1,KK
DO 150J=1,KK
DJK(J,K) = EXP(DJK(J,K))
150 CONTINUE
C
WIM =0.
DO 175K =1,KK
WTM = WTM + WT(K)*X(K)
XX(K) = X(K) + SMALL

175 CONTINUE
C
DO 300K =1, KK
C
SUMXW = 0.0E0
SUMXOD = 0.0E0
C
D0 2007 =1, KK
IF (J .NE. K) THEN
SUMXW =SUMXW + XX(J)*WT({J)
SUMXOD = SUMXOD + XX(J)/DJK(J.K)
ENDIF
200 CONTINUE
C
D(K) = SUMXW/(WTM*SUMXOD)
C
300 CONTINUE
C
RETURN

END
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Appendix 3.2 Post-processing codes

(a) post.f

PROGRAM POST

* Convert the numerical results (in binary format) from one dimensional program into the format
* which would be taken as input files for MATLAB M-files for graphic processing.

IMPLICIT NONE

integer npts,npde,npdemx,nptsmx,nstep, LDATA,LINKCK,LINKMC,LOUT,

: HEAT,NOC,i,ii,j,k,leniwk, lenrwk, lencwk

parameter  (npdemx = 80, nptsmx =205, nstep = 100, LDATA=18, LINKCK=25,

: LINKMC=35, LOUT=6, leniwk = 7500, lenrwk = 90000, lencwk = 500
,HEAT=12, NOC= 15)

integer ickwrk(leniwk), imcwrk(leniwk), numofc(npdemx)

double precision rckwrk(lenrwk), rmcwrk(lenrwk)

character cckwrk(lencwk)*(16) ’

character namet*11

double precision time(nstep),x(nstep, nptsmx),temp(nptsmx),

: molar(nptsmx,npdemx), thc(nptsmx),
u(nstep,npdemx*nptsmx),pressure(nstep),y(npdemx),
mf(npdemx), conmix, heatflux

logical finish

integer NMM, NKK, NII , MXSP, MXTB, MXTP, NCP, NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,
NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,
IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,

NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,
NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,
NcK2, NcK3, NcK4, Ncll, NcI2, NcI3, Ncl4

NV DA WN -

COMMON /CKSTRT/ NMM , NKK , NII , MXSP, MXTB, MXTP, NCP , NCP1,
NCP2, NCP2T,NPAR, NLAR, NFAR, NLAN, NFAL, NREV,

NTHB, NRLT, NWL, IcMM, IcKK, IcNC, IcPH, IcCH,

IcNT, IcNU, IcNK, IcNS, IcNR, IcLT, IcRL, IcRV,

IcWL, IcFL, IcFO, IcKF, IcTB, IcKN, IcKT, NcAW,

NcWT, NcTT, NcAA, NcCO, NcRV, NcLT, NcRL, NcFL,

NcKT, NcWL, NcRU, NcRC, NcPA, NcKF, NcKR, NcK1,

NcK2, NcK3, NcK4, Ncll, NcI2, NcI3, Ncl4

N AN DS WD =

open(UNIT=LDATA, status='old', file="rawdata’, form="unformatted")
open(UNIT=LINKCK, status='old', file="cklink', form="unformatted')
open(UNIT=LINKMC, status="old', file="tplink', form="unformatted’)
open(UNIT=10, status="new’, file="test.dat', form="unformatted')
open(UNIT=11, status="new’, file='name.dat', form='formatted")
open(UNIT=HEAT, status="new’', file="heat.dat', form="formatted')
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open(UNIT=NOC, status='old', file="noc_list', form='formatted')

call ckinit(leniwk, lenrwk, lencwk, LINKCK, LOUT, ickwrk, rckwrk, cckwrk)
call meinit(LINKMC, LOUT, leniwk, lenrwk, imcwrk, rmcwrk)

read(LDATA) npts,npde

doi = 1,npde-1
read(NOC,'(11)") numofc(i)
enddo

k=1
finish = .false.

do while (.not. finish)
read(LDATA,end=1000) time(k)
read(LDATA) (x(k,i),i= 1, npts)
read(LDATA) (u(k,i), i = 1, npde*npts)
read(LDATA) pressure(k)
k=k+1

enddo

1000 continue
k=k-1

write(10) npts,npde.k
*
* Convert mass fraction to molar fraction
*
doj=1,k
doi=1, npts
temp(i) = u(j,npde*(i-1)+npde)
doii=1, npde-1
y(ii) = u(j,npde*(i-1)-+ii)
enddo
call ck_y2x(y,ickwrk,rckwrk,mf)
the(i) = 0.0d0
doii=1, npde-1
molar(i,ii) = mf(ii)
the(i) = the@i) + molar(i,ii)*numofc(ii)
enddo
if (i .eq. 1) call mc_acon(temp(1), mf, rmcwrk, conmix)

enddo
write(10) (x(j,i), i=1,npts),(temp(i),i=1,npts),
: ((molar(i,ii),i=1,npts),ii=1,npde-1),(thc(i),i=1,npts)

*

* Produce the list of species name according to the order in cklink file
*
namet = "Temperature'
write(11,9010) namet
doi=1,NKK
write(11,9020) CCKWRK(IcKK+i-1)
enddo
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9005 format(7(1x,1PE11.4))

9010 format(All)

9020 format('Species name : ',Al11)
end

(b) post.m (MATLAB M-file)

% post-processor for one-dimensional in-cylinder hydrocarbon oxidation simulation code

fid = fopen('test.dat',r");
fseek(fid,4,’bof");
parameter = fread(fid,3,'int");

npts = parameter(1);
npde = parameter(2);
timestep = parameter(3);

nspecies = npde-1;

fseek(fid,24,'bof’);
test = fread(fid,timestep*npts*(npde+2)+(timestep-1),'double");
fida = fopen('noc_list','r');

for i = 1:1:nspecies

aa = fgets(fida);
noclist(i) = str2num(aa);
end

load intld.dat

time = int1d(:,1);

not = size(time, 1);

rpm = input('Enter the engine speed (for example : 1500) :");

for k = 1:1:timestep
fori=1:1:npts
index = i+((npde+2)*npts+1)*(k-1);
x(i,k) = test(index);
indext = npts + i + ((npde+2)*npts+1)*(k-1);
t(i,k) = test(indext);
cad(i,k) = time(k)*6*rpm;
end
end

% declare the size of the matrix of total
total = 1:not;

total = rot90(total);

total = total*0;

temp = 1:not;

temp = rot90(temp);

temp = temp*0;
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X = x ¥ 1000.00;
range = 0;

while 1

choice = menu(‘Enter your choice', 'Molar fraction vs x plot', Temperature vs x plot', 'Molar fraction vs x
plot (multi-species)’, Fuel/Nonfuel/CO plot', Molar fraction vs T plot',' Molar fraction vs T plot(multi-
species)',Exit');

if choice == 1
[sn,y] = sort_yy(1,nspecies,timestep,npts,npde,test);
name = view_spa(sn,x,y,cad,'x (mm)','Molar Fraction','/CAD',range,nspecies);

rescale = 0;

while 1
choicel = menu('Now you want to', 'see next species','see specific one','see details about this
species','use matlab command','print','rescale x axis','select part of total time steps','go to upper menu');
if choicel == 1
sn=sn+1;
for k = 1:1:timestep
fori= 1:1:npts
index = ((sn+1)*npts)+ i + ((npde+2)*npts+1)*(k-1);
y(i,k) = test(index);
end
end
name = view_spa(sn,x,y,cad,’x (mm)','Molar fraction',/CAD',range,nspecies);
if rescale ==
set(gca,'’XLim',[0,xmax]);
end
elseif choicel ==
[sn,y] = sort_yy(1,nspecies,timestep,npts,npde,test);
name = view_spa(sn,x,y,cad,'x (mm)',' Molar Fraction', CAD',range,nspecies);

ifrescale ==1
set(gca,'’XLim',[0,xmax]);
end
elseif choicel ==
choice2 = menu('So you want to :','see one step at a time','plot it');

if choice2 == 1

dum = onestep(timestep,time,name,x,y);
else

dum = plotit(timestep,time,name,'x (mm)','ppmC1',x,y);
end

elseif choicel ==
keyboard;
elseif choicel ==
print -dps;
elseif choicel == 6
xmax = input('Input the maximum value of x :');
set(gca,'XLim',[0,xmax]);
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rescale = 1;
elseif choicel ==7
range = input('How many timesteps do you want to include ?');
name = view_spa(sn,X,y,cad,'x (mm)','Molar fraction','/CAD',range,nspecies);
else
range = 0;
break;
end
end

elseif choice ==
name = view_spa(0,x,t,cad,'x (mm)','Temperature (K)',/CAD',range,nspecies);

while 1
choice3 = menu('Now you want to', 'see details about this species’,'use matlab command','print’,
scale','select a part of total timesteps','go to upper menu');
if choice3 == 1
choice4 = menu('So you want to :','see one step at a time','plot it');

[

rescale x

if choice4 ==
dum = onestep(timestep,time,name,Xx,t);
else
dum = plotit(timestep,time,name,'x (mm)',' Temperature (K)',x,t);
end
elseif choice3 ==
keyboard;
elseif choice3 ==
print -dps;
elseif choice3 ==
xmax = input('Input the maximum value of x :');
set(gca,'XLim',[0,xmax]);
rescale = 1;
elseif choice3 ==
range = input('How many timesteps do you want to include ?');
name = view_spa(sn,x,t,cad,'x (mm)', Temperature (K)',/CAD',range,nspecies);
else

range = 0;
break;
end
end
elseif choice ==

nsp = input('How many species do you want to show on the plot ? :');
[sn,yy] = sort_yy(nsp,nspecies,timestep,npts,npde,test);
dum = view_muls(nsp,npts,time,timestep,'x (mm)', Molar fraction',x,yy);

elseif choice ==
disp('Please tell me the number of fuel according to following list.");
[snf,fuel] = sort_yy(1,nspecies,timestep,npts,npde.test);

noc = input('Please enter the number of the carbon atoms this fuel molecule has:’);
fuel = fuel * noc * 1000000;
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disp('Please tell me the number of CO according to following list.");
[snco,CO] = sort_yy(1,nspecies,timestep,npts,npde,test);

CO = CO * 1000000;

disp('Please enter the number of "total hydrocarbon” according to following list.’);
[snthe,thc] = sort_yy(1,nspecies,timestep,npts,npde,test);

the = thc * 1000000;
nonfuel = the-fuel;

while 1
choices = menu(‘Enter your choice :','Fuel',NonFuel','CO',' Total Hydrocarbons',’ All together', Matlab
command','Return to upper menu');

if choices ==
y = fuel;
sn = snf;
elseif choices == 2
y = nonfuel;
sn = snthc+1;
elseif choices == 3
y=CO;
SN = SNco;
elseif choices == 4
y =thc;
sn = snthc;
elseif choices == 5

for k = 1:1:timestep
fori=1:1:npts
yy(i,k) = fuel(i,k);
yy(i+npts,k) = nonfuel(i,k);
yy(i+2*npts k) = CO(i,k);
yy(i+3*npts k) = thc(i,k);
end
end
extra = input(How many extra species do you want to add on the same plot ? :');

ifextra ~=0
[extsn,extyy] = sort_yy(extra,nspecies,timestep,npts,npde,test);
for e = 1:1:extra '
for k = 1:1:timestep
fori=1:1:npts
yy(i+(3+e)*npts,k) = extyy(i+(e-1)*npts,k)*1000000;
end
end
end
end

nsp =4+extra;

dum = view_muls(nsp,npts,time,timestep,'x (mm)','ppmC1',x,yy);

y_n = input('Would you like to plot the same plot against temperature as well?(1: yes, anykey : no)’);
ify_n==
dum = view_muls(nsp,npts,time,timestep, temperature (K)','ppmC1',t,yy);
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end

elseif choices == 6
keyboard;

else
break;

end

if ( choices ~= 5 & choices ~=6)
name = view_sp(sn,x,y,'x (mm)','ppmC1',range,nspecies);
choices! = menu('So you want to :','see one step at a time','plot it');

if choicesl ==
dum = onestep(timestep,time,name,x,y);
else
dum = plotit(timestep,time,name,'x (mm)','ppmC1',x,y);
end
end
end
elseif choice ==

[sn,y] = sort_yy(1,nspecies,timestep,npts,npde,test);
name = view_sp(sn,t,y,"Temperature (k)', ‘Molar Fraction',range,nspecies);
while 1
choice5 = menu('Now you want to', 'see next species','see specific one','see details about this
species','use matlab prompt','print','go to upper menu');
if choice5 ==
sn=sn+ 1;
for k = 1:1:timestep
fori=1:1:npts
index = ((sn+1)*npts)+ i + ((npde+2)*npts+1)*(k-1);
y(i,k) = test(index);
end
end
name = view_spa(sn,t,y,cad, Temperature (k)', ‘Molar Fraction','/CAD',range,nspecies);
elseif choiceS ==
[sn,y] = sort_yy(1,nspecies,timestep,npts,npde,test);
name = view_spa(sn,t,y,cad, Temperature (K)','Molar Fraction',/CAD',range,nspecies);
elseif choice5 ==3
choice6 = menu('So you want to :','see one step at a time','plot it');

if choice6 == 1
dum = onestep(timestep,time,name,t,y);
else
dum = plotit(timestep,time,name, Temperature (K)','Molar Fraction',t,y);
end
elseif choice5 ==
keyboard;
elseif choice5 == 5
print -dps;
else
break;
end
end
elseif choice ==
nsp = input('How many species do you want to show on the plot ? :');

181



[sn,yy] = sort_yy(nsp,nspecies,timestep,npts,npde,test);

dum = view_muls(nsp,npts,time,timestep, Temperature (K)','Molar fraction',t,yy);
else

break;

end

end
9,

function h = plotit(timestep,time,name,x_label,y_label,t,s)
Style - [Ig_ l;lm_ |;|c- l;!b- l;lr_ ';'g—-‘;'m-J;'C--';'b--';'l'--';'g-.';'m-.';'c-.';'b-.';'l'—.'];

fori = 1:1:timestep

% the crank angle degree is converted from time based on 1500 rpm speed
cad(i) = round(time(i)/0.00011);

string = [num2str(i),. ',num2str(cad(i)),/CAD ',num2str(time(i))];
disp(string);

end

counter = 1;
h = figure;

while 1 :
cho_t = input('Please input the choice of time (input number) :");
if (cho_t > timestep | cho_t <= 0)
disp("What you enter is out of the range !');
else
plot(t(:,cho_t),s(:,cho_t),style(counter));
string = [num2str(cad(cho_t))};

gtext(string);
counter = counter + 1;
while 1

choice = menu('What is your choice 7','Continue plotting', Matlab command','Rescale maximum x
value','Return to upper menu');

if choice == 1
break;

elseif choice ==
keyboard;

elseif choice ==
xmax = input('Enter the value of maximum x you want to plot :");
set(gca,' XLim',[0,xmax]);

elseif choice ==
hold off;
title(name);
xlabel(x_label);
ylabel(y_label);
figure;
return;

else

end

end

hold on;

end
end

q
70
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function d = onestep(timestep,time,name,t,s)
% plotting spatial temperature or species concentration profile at the specific time

fori = 1:1:timestep

% the crank angle degree is converted from time based on 1500 rpm speed
cad(i) = round(time(i)/0.00011);
string = [num2str(i),". ',num2str(cad(i)),'CAD ',num2str(time(i))];

end

ncolumn = size(t,2);
plot(t(:,1),5(;,1));
title([name,num2str(cad(1)),'/CAD '));

rescale = 0;

for n = 2:1:ncolumn
choice4 = menu(' You want...",'Continue next step',Rescale X axis','Matlab prompt','Go back upper menu');
if choice4 == 1
plot(t(:,n),s(:,n));
title([name,num2str(cad(n)),'CAD ']);
if rescale == 1
set(gca,’XLim',[0,xmax]);
end
elseif choice4 ==
xmax = input('Input the maximum value of x :');
set(gca, XLim',[0,xmax]);
rescale = 1;
elseif choice4 == 3
keyboard;
clse
hold off;
return
end
end
check = ishold;
if check==1
hold off;
end

70

function dum = view_muls(nsp,npts,time timestep,xlab,ylab,x,yy)
Style - ['g_ l;tm_ l;lc_ ",Ib- I;Ir_ v;lg__v;vm__i;»c__v;ib__l;lr__v;lg_.v];

disp(’ The crank angle degree is converted from time based on 1500 rpm engine speed. If it is not the case
please modify view_muls ');

% the crank angle degree is converted from time based on 1500 rpm speed
fori = 1:1:timestep
cad(i) = round(time(i)/0.00011);
string = [num2str(i),". ',;num2str(cad(i)),’CAD ',num2str(time(i))];
disp(string);
end
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cho_t = input('Input the initial step you would like to see :");

for j=1:1:nsp
max = 0.0
fori= 1:1:npts

if (abs(yy(i+(j-1)*npts,cho_t)) > max)
max = abs(yy(i+(j-1)*npts,cho_t));
end
end

string = ['The maximum value of the species is',num2str(max)];
disp(string);
factor(j) = input('Multiply by factor :");

end

forj=1:1:nsp
plot(x(:,cho_t),yy(((j-1)*npts+1):(G*npts),cho_t)*factor(j),style(j));
hold on
end
string = [num2str(cad(cho_t)),'/CAD ];
title(string);
xlabel(xlab);
ylabel(ylab),
hold off
rescale = 0;
while 1
choice = menu('Input your chooses:','See next step','See specified step’, Readjust the factor',Rescale x
axis','Matlab command','Return to upper menu');

if choice == 1

cho_t = cho_t+1;

if(cho_t > timestep)
break

end

forj=1:1:nsp
plot(x(:,cho_t),yy(((j-1)*npts+1):(j*npts),cho_t)*factor(j),style(j));
hold on

end

string = [num2str(cad(cho_t)),'/CAD '];

title(string);

xlabel(xlab);

ylabel(ylab);

if rescale ==

set(gca, XLim',[0,xmax]);

end

hold off

elseif choice ==
fori = 1:1:timestep
cad(i) = round(time(i)/0.00011);
string = [num2str(i),’. ',num2str(cad(i)),’CAD ',num2str(time(i))];
disp(string);
end

cho_t = input('Input the step you would like to see :');
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forj=1:1:nsp
plot(x(:,cho_t),yy(((j-1)*npts+1):(j*npts),cho_t)*factor(j),style(j));
hold on
end
if rescale == 1
set(gca,'XLim',[0,xmax]);
end
hold off
elseif choice == 3
for j = 1:1:nsp
max = 0.0
fori= 1:1:npts
if(abs(yy(i+(j-1)*npts,cho_t)) > max)
max = abs(yy(i+(j-1)*npts,cho_t));
end
end
string = ['The maximum value of the species is',num2str(max)];
disp(string);
factor(j) = input('Multiply by factor :');
end
for j=1:1:nsp
plot(x(:,cho_t),yy(((-1)*npts+1):(j*npts),cho_t)*factor(j),style(j));
hold on
end
if rescale ==
set(gca, XLim',[0,xmax]);
end
hold off
elseif choice == 4
xmax = input('Enter the maximum value of x axis:");
set(gca,' XLim',[0,xmax]);
rescale = 1;
elseif choice == 5
keyboard;
else
figure;
return
end
end

(/A

o

function [sn,yy] = sort_yy(nsp,nspecies,timestep,npts,npde,test)
% return an array of molar fractions as functions of space and time for species

forj=1:1:nsp
sn = choose_sp(nspecies);
for k = 1:1:timestep
fori=1:1:npts
index = ((sn+1)*npts)+ i + ((npde+2)*npts+1)*(k-1);
yy(i+(j-1)*npts,.k) = test(index);
end
end
end
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/0

function name = view_sp(sn,t,s,x1l,yll,range,nspecies)
% plotting time-evolving temperature or species concentration profiles (in 2D or 3D)

fida = fopen('name.dat','r');
name = fgets(fida);

if sn ==

name = 'Temperature Histories';
elseif sn == nspecies + 1

name = 'Total hydrocarbon';
elseif sn == nspecies + 2

name = 'Nonfuel species';
else

fori=1:1:sn

name = fgets(fida);

end

end

if range ==0
plot(t,s);
else
plot(t(:,1:range),s(:,1:range));
end

title(name);

xlabel(xIl);

ylabel(yll);
return;

q,
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function name = view_spa(sn,t,s,cad,xll,yll,zll,range,nspecies)
% plotting time-evolving temperature or species concentration profiles (in 2D or 3D)

fida = fopen('name.dat','r');
name = fgets(fida);

if sn ==

name = 'Temperature Histories';
elseif sn == nspecies + 1

name = 'Total hydrocarbon';
elseif sn == nspecies + 2

name = 'Nonfuel species’;

else
fori=1:1:sn
name = fgets(fida);
end
end

choice = menu('Do you want to view the result in','3D","2D");
if choice ==

surf(cad,t,s);

colorbar;
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zlabel(yll);
xlabel(zll);
ylabel(x1l);
else
if range ==0
plot(t,s);
else
plot(t(:,1:range),s(:,1:range));
end
xlabel(xIl);
ylabel(zll);
end
title(name);
return;
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