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ABSTRACT

A COMPUTATIONAL AND EXPERIMENTAL STUDY ON COMBUSTION

PROCESSES IN NATURAL GAS/DIESEL DUAL FUEL ENGINES

Natural gas/diesel dual fuel engines offer a path towards meeting current and future
emissions standards with lower fuel cost. However, numerous technical challenges remain that
require a greater understanding of the in-cylinder combustion physics. For example, due to the
high compression ratio of diesel engines, substitution of natural gas for diesel fuel at high load i
often limited by engine knock and pre-ignition. Additionally, increasing the natural gas
percentage in a dual fuel engine often results in decreasing maximum load. These problems limit
the substitution percentage of natural gas in high compression ratio diesel engines and therefore
reduce the fuel cost savings. Furthermore, when operating at part load dual fuel engines can
suffer from excessive emissions of unburned natural gas. Computational fluid dynamics (CFD) is
a multi-dimensional modeling tool that can provide new information about the in-cylinder
combustion processes causing these issues.

In this work a multi-dimensional CFD model has been developed for dual fuel natural
gas/diesel combustion and validated across a wide range of engine loads, natural gas substitution
percentages, and natural gas compositions. The model utilizes reduced chemical kinetics and a
RANS based turbulence model. A new reduced chemical kinetic mechanism consisting of 141
species and 709 reactions was generated from multiple detailed mechanisms, and has been
validated against ignition delay, laminar flame speed, diesel spray experiments, and dual fuel

engine experiments using two different natural gas compositions. Engine experiments were



conducted using a GM 1.9 liter turbocharged 4-cylinder common rail diesel engine, which was
modified to accommodate port injection of natural gas and propane. A combination of
experiments and simulations were used to explore the performance limitations of the light duty
dual fuel engine including natural gas substitution percentage limits due to fast combustion or
engine knock, pre-ignition, emissions, and maximum load. In particular, comparisons between
detailed computations and experimental engine data resulted in an explanation of combustion
phenomena leading to engine knock in dual fuel engines.

In addition to conventional dual fuel operation, a low temperature combustion strategy
known as reactivity controlled compression ignition (RCCI) was explored using experiments and
computations. RCCI uses early diesel injection to create a reactivity gradient leading do stage
auto-ignition from the highest reactivity region to the lowest. Natural gas/diesel RCCI has
proven to yield high efficiency and low emissions at moderate load, but has not bee rataliz
the high loads possible in conventional diesel engines. Previous attempts to model natural
gas/diesel RCCI using a RANS based turbulence model and a single component diesel fuel
surrogate have shown much larger combustion rates than seen in experimental heat release rate
profiles, because the reactivity gradient of real diesel fuel is not well captured. To obtain better
agreement with experiments, a reduced dual fuel mechanism was constructed using a two
component diesel surrogate. A sensitivity study was then performed on various model

parameters resulting in improved agreement with experimental pressure and heat release rate.
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CHAPTER 1:INTRODUCTION

The incentive to power internal combustion engines with natural gas continues to increase
due to both economic and emissions advantages of natural gas in comparison to traditional
gasoline and diesel fuels. According to projections from the U.S. Energy Information
Administration (EIA), energy consumption from the transportation sector is expected to remain
at approximately 25% of total U.S. energy use through 2040 and nearly all of tlgy ener
consumption from this sector will be accomplished using internal combustion engines [1]
During this same time period, the EIA reference case shows that natural gas is expected to
remain less expensive than petroleum fuels on an energy equivalent basis. For many applications
the fuel cost savings is sufficient to offset the initial capital investment of converting equipment
to operate on natural gas. These economic conditions have created a strong incentive for natural
gas engine conversions in numerous applications.

Additionally, pollutants from the combustion of petroleum based fuels continue to adversely
impact environment, climate, and human health, specifically with regards to emissions of carbon
dioxide, carbon monoxide, unburned hydrocarbons (UHC), particulate matter (PM), and oxides
of nitrogen (NQ). Lean premixed combustion of natural gas can generate lower combustion
temperatures and therefore less \N@an diesel combustion. Additionally, lean premixed
combustion avoids rich regions within sprays where soot is formed. Furthermore, the U.S.
Environmental Protection Agency (EPA) initiated regulations on greenhouse gas emissions
(GHG) and fuel efficiency standards for light duty vehicles by 2018 and heavy duty vehicles by
2025 [2] [3]. A substantial part of these regulations can be met by using alternative fuels that

produce less carbon than gasoline or diesel for the same energy output. Natural gas is one such



fuel because it is composed primarily of methane, which has higher hydrogen to carbon ratio
than diesel or gasoline and a higher heating value. Therefore, natural gas can produce the same
amount of energy with about 25% less carbon dioxide emissions in comparison to producing the
same energy by burning diesel or gasoline [4]. However, the reduction in total GHG emissions
can be compromised if the natural gas does not burn to completion throughout the cylinder, since
methane has a global warming potential that is 25 times greater than carbon dioxide over a 100
year period [5]. Therefore, converting from gasoline and diesel to natural gas offers a path
towards meeting emissions regulations at lower fuel cost.

The EIA projects that the use of natural gas engines in the transportation sector will increase
substantiallypy 2040 with the largest increases occurring in heavy duty applications, such as on-
highway freight trucks (sentrucks), large buses, locomotives, marine shipping tankers,
construction equipment, mining equipment, and agricultural equipment [1]. Such heavy duty
applications utilize diesel engines rather than spark ignited gasoline engines, because of the
higher power density needed to minimize engine weight and the larger transient load capability
required to accelerate large masses from rest. Therefore the use of natural gas #sta Bubst
diesel fuel in high compression ratio, heavy-duty engines is expected to increase significantly.

Diesel engines can be readily converted to natural gas/diesel dual fuel engines by fumigating
the intake manifold or intake runners with natural gas and using the injected diesel mass as an
ignition source, which then subsequently initiates combustion of the premixed natural gas air
mixture near the diesel flame. In a typical dual fuel retrofit, the stock diesel engine control unit
(ECU) is still in use and, as more energy from natural gas is added, the ECU redugesttt
diesel mass to maintain the commanded engine torque. The amount of natural gas that has been

substituted for diesel can be defined on an energy basis in terms of the substitution rate,
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wheremy, is the mass of natural gas in the charge mixtugethe mass of injected diesély .

the mass based lower heating value of natural gasQanide lower heating value of diesel. In

more advanced dual fuel engines, the ECU is calibrated to operate in dual fuel mode and an
optimal substitution rate and injection strategy is used at different engine loads and speeds.

The fuel cost savings of the dual fuel engine increases as the substitution rate of natural gas
increases. However, operating a high compression ratio diesel engine with a premixed fuel will
eventually lead to problems with engine knock and pre-ignition as the natural gas mass is
increased. As a result the natural gas substitution rate in a high compression ratio dual fuel
engine is limited and therefore the fuel cost savings is also limited. Knock and pre-ignition occur
at high load where the flame temperatures are exceptionally high. Additionally, at part load
conditions, the substitution rate can be limited by emissions regulations. Because wall
temperatures are lower at part load, the natural gas flame can quench before reaching the walls.
This causes a large mass of unburned natural gas to be exhausted. A significant amount of the
unburned natural gas has also been attributed to incomplete combustion in the piston crevices.
Regulations on unburned hydrocarbons can limit the substitution rate or the load range of a dual
fuel engine.

Engine knock is caused by uncontrolled fast combustion in which a large amount of energy is
released in a short period of time. This creates an increase in pressure rise rate followed by high
frequency pressure oscillations. The strong pressure waves create unacceptable engine noise,
impose high stresses on engine structural components, and dramatically increase heat transfer

rates ultimately leading to damage of engine surfaces. Karim [6] has reported that dual fuel



engines can experience both spark ignited (SI) and compression ignition (CI) knock
characteristics, which should be expected since they operate with both a premixed propagating
flame and diesel spray ignition. The common explanation for uncontrolled fast combustion in an
Sl engine is that a turbulent premixed flame propagating across the combustion chamber raises
the pressure and temperature of the unburned fuel air mixture in front of the flame, known as the
end gas, until the end gas experiences a volumetric energy release or auto-ignition. In contrast,
diesel Cl engines experience a sudden spike in combustion rate when the spray head ignites via a
premixed, fuel rich auto-ignition. If the energy released during ignition of the spray is excessive
then the pressure waves generated can cause many of the same problems as with end gas
knocking in SI engines. Consequently, there is a strong demand among many dual fuel
applications to overcome these knock limits and further increase the substitution rate at high load
so that the economic and emissions benefits of natural gas can be maximized.

Pre-ignition is typically associated with Sl engines and is characterized by start of
combustion occurring before spark timing. In a dual fuel engine where the diesel fuel is the
combustion initiator, pre-ignition is characterized by start of combustion occurring before the
start of injection. Pre-ignition events do not occur every cycle, but are intermittent events that
cause much higher peak pressure and often induce engine knocking during that cycle. In addition
to damage from induced engine knock, pre-ignitions that occur too early in the cycle create
excessive peak pressure that can be much greater than the allowable design pressuray which ¢
lead to structural failure of engine components. There have been many proposed causes for pre-
ignition including ignition of lubricating oil droplets released from the cylinder liner, surface hot

spots from deposits, and particles that flake off from deposits [7] [8].



One technique to increase the natural gas substitution percentage that has received
considerable investigation is the use of a small diesel pilot injected at advanced timing ytypicall
~25° BTDC) to ignite the natural gas. This “liquid spark” method has been shown to avoid the
formation of a non-premixed diesel jet flame and instead ignites after the end of injection via rich
premixed auto-ignition. However, with a very small injected diesel mass the engine begins to
behave similarly to a SI engine with a high compression ratio and additional techniques become
necessary to avoid knock at high load. For example, Singh et al. [9] was able to achieve 95%
natural gas substitution using early pilot injections, but these results were obtained at a mid-load
condition and with a reduced compression ratio. For dual fuel engines with a high compression
ratio and large bore diameter typical of a heavy duty diesel engine, the same maximum load
achievable in conventional diesel mode cannot be achieved in dual fuel mode using substitution
rates greater than roughly 70% due to knocking [10] [11]. At such lower substitution rates,
injection timings near TDC would be necessary to avoid excessive pressure rise. Therefore,
should be expected that at lower substitution rates a non-premixed diesel jet flame is established
in the presence of a natural gas/air mixture.

Lower substitution rates are necessary in many dual fuel applications. For instange, hea
duty on-road trucks require the capability to handle large load transients. Largeoeyybie
load transients cannot be achieved with greater fumigation of natural gas into the manifold and
instead require a large change in direct injected diesel mass, creating periods of lhutisabst
rate. Additionally, Mittal et al. [10] demonstrated that at low load the emissions of unburned
hydrocarbons (UHC) can be significantly reduced by using a lower substitution percentage.

Furthermore, in many mobile dual fuel applications, the supply of natural gas is often limited and



so there is a desire to have the option to use a lower substitution percentage in order to conserve
natural gas.

Computational modeling of in-cylinder combustion processes has proven to be a valuable
tool for designing engine components and combustion control strategies, because it can help
explain causes for observed changes in engine performance and emissions. For example,
computational modeling of dual fuel combustion can yield valuable information about how
knock occurs in dual fuel engines and where incomplete combustion of natural gas is prominent.
For this reason, dual fuel engine manufacturers are in need of a multi-dimensional modeling tool
that can predict combustion behavior, such as knock, over a wide range of substitution rates,
loads, and natural gas compositions. While a number of authors have performed computational
modeling of high substitution rates using early pilot injection [12] [13] [14], there has bén |i
work done on validating an engine CFD model from low to moderate substitution percentages.
The combustion at these lower substitution rates is different than that in the liquid spark method
because a non-premixed diesel jet flame occurs and initiates a premixed propagating natural gas
flame. Additionally, the modeling that has been done previously often involved a significant
simplification of either the chemical kinetics or the turbulent flow field. A major goal of this
work is the development of a computational tool that incorporates sufficiently detailed chemical
kinetics and can predict pressure, heat release rate, engine knock, pre-ignitions, and emissions
within a 24-hour computatiotime using a computational hardware package that industry has
access to. This model must be validated for different natural gas compositions, loads, and
substitution percentages.

In the process of developing a computational tool for dual fuel engines it is also necessary to

develop an accurate chemical kinetic model to describe diesel jet flames, diesel ignition,



premixed propagating natural gas flames, and natural gas auto-ignition. Large detailedlchemic
kinetic mechanisms describing the combustion of diesel and natural gas surrogates exist, but they
are impractical for use in an engineering application because the computational cost is
prohibitively high. Therefore, reduced mechanisms are used in the diesel/natural gas CFD
simulations presented in this work. Chemical mechanism reduction techniques begitavgéh
mechanism and use an algorithm to automatically remove chemical species and reactions that do
not have a substantial impact on specified combustion behavior (e.g. ignition delay, laminar
flame speed) across a chosen set of initial pressure, temperature, and reactant composition. This
procedure results in a reduced chemical mechanism (as defined by a lower number of species
and reactions) that retains similar behavior of the original mechanism at those chosen conditions.
Prior to the work described in this thesis, there was not a sufficient reduced chemical kinetic
mechanism available for simulating natural gas/diesel dual fuel combustion in a CFD simulation
that accourdd for the variation in the ethane and propane concentrations in the natural gas
mixture. Some previous modeling work used pure methane to represent the chemistry of natural
gas[15] [16]. However, Bourque et al. [17] found that ignition delay periods and flame speeds
for typical pipeline natural gas compositions with small concentrations of heavier hydrocarbons
can be quite shorter compared with pure methane. As such, one of the primary accomplishments
of this work was the development of a reduced chemical kinetic mechanism for natural gas/diesel
dual fuel combustion that can simulate varying natural gas reactivity using a multi-component
natural gas surrogate mixture. This mechanism has been validated across a wide range of
conditions relevant to dual fuel combustion using comparisons with ignition delay computations
from detailed mechanisms, laminar flame speed experiments of methane at high pressure,

experimental data from a diesel spray injected into a constant volume chamber, and experimental



engine data from a light duty turbocharged diesel engine outfitted with natural gas port injection.
The engine experiments encompassed a wide range of substitution rates, loads, and natural gas
compositions including a case where engine knock occurred.

In addition to conventional dual fuel combustion, another dual fuel strategy that has received
considerable attention in recent years is reactivity controlled compression ignition (RCCI). RCCI
is a low temperature combustion (LTC) method whereby compression heating of a lean
premixed fuel air mixture in a high compression ratio engine initiates ignition reactions
throughout the chamber. Lean premixed combustion results in lower flame temperatures
compared to stoichiometric SI engines and diesel non-premixed flames. If combustion
temperatures can be kept low enough then NOx formation rates can be significantly reduced. For
many decades researchers have pursued homogenous charge compression ignition (HCCI),
which ideally begins with a homogenous mixture of fuel and air during the compression stroke
and ignition occurs at all locations nearly simultaneously. At moderate loads, HCCI has
demonstrated significant efficiency gains, large reductions in NOx emissions, and virtually zero
soot [18]. However, HCCI engines suffer from very fast and large heat releasatraigh
loads, which create such high pressure rise rate and peak pressures that HCCI operation is not
able to achieve similar maximum loads as in traditional SI and CI engines. Conversely, at low
loads the mixture becomes sufficiently lean such that misfire occurs.

RCCI is a dual fuel extension to HCCI whereby a low reactivity fuel such as gasoline or
natural gas is premixed with the intake air and a higher reactivity fuel such as diesel is direct
injected part way through the compression stroke. This results in a stratification of the high
reactivity fuel and therefore a gradient in mixture reactivity. Due to the reacgretgient,

ignition proceeds from areas of high mixture reactivity to areas of low reactivityhwhic



lengthens the combustion duration, lowers the pressure rise rate and peak pressure, and allows
for high loads to be achieved. Additionally, the load range can be extended by using ra greate
percentage of high reactivity fuel at low load and a greater percentage of lawitseficel at

high load. Splitter et a[19] were able to achieve high efficiency RCCI operation using gasoline

and diesel in a heavy duty single cylinder engine between 4 and 14.5 bar IMEP while meeting
EPA emission standards for NQvithout aftertreatment. Despite the improvements to the load
range over HCCI, RCCI is still not able to achieve high enough loads that are comparable to the
loads achievable with traditional SI and diesel engines. For this reason and due to sensitive
combustion phasing, RCCI has still not been introduced commgrciall

The use of natural gas for RCCI operation is advantageous because the difference in
reactivity between natural gas and diesel is wider in comparison to that between gasoline and
diesel. This allows for further lengthening of the combustion duration, which consequently
allows for lower pressure rise rate, lower peak pressures, and extension to higher engine loads
[15]. Also as explained previously, natural gas has economic advantages over gasoline and can
produce less carbon dioxide emissions.

Greater understanding of RCCI from multi-dimensional modeling is necessary to explore
emissions formation and find optimal control strategies that can overcome the difficulties of
combustion phasing and excessive pressure rise rate. Previous attempts to model natural
gas/diesel RCCI are limited and have demonstrated additional modeling challenges due to the
wider reactivity difference between diesel and natural gas and accurately modeling the mixing of
the injected fuel [15] [16]. Previous attempts have demonstrated overly fast combustion rate
increase and pauses in combustion rate. These previous works used a single component surrogate

for diesel fuel. The work presented in this thesis includes the development of a new reduced



chemical kinetic mechanism for RCCI whereby diesel fuel is represented with two components
(n-dodecane and p-xylene) in an attempt to more accurately represent the reactiv@gtgra
Usaing the new RCCI chemical kinetic mechanism, a sensitivity study is presented on the model
inputs that identifies, which modeling methods result in improved agreement with the
experimental heat release profiles.

In addition to computational work, experimental work was done to assess the performance of
the engine in comparison to conventional diesel operation. These experiments were conducted by
recording the maximum load for diesel operation, dual fuel operation with a substitution rate of
65%, and dual fuel operation with the minimum diesel injection and therefore maximum
substitution rate. By comparing these load curves the reduction in maximum load with
substitution rate could be quantified. Also the best performance at high load using dual fuel
operation could be characterized in terms of the substitution rate, the maximum load, emissions,
and efficiency. This procedure helped identify performance limitations unique to a light duty
engine operating in dual fuel mode. Future work is planned to use the newly developed dual fuel
model to explore strategies to overcome the limitations on this specific engine and then test those
strategies experimentally.

The work presented in this thesis has been disseminated via the submission of three different
manuscripts (to date) and an additional study. The first submitted manuscript describes the
development of a reduced natural gas/diesel dual fuel mechanism, which has been validated
against ignition delay computations of detailed mechanisms, adiabatic HCCI simulations of
detailed mechanisms, experimental premixed laminar flame speeds of CH4/02/He mixtures at 40
and 60 atm, ignition delay and lift-off length from a diesel spray experiment in a constant

volume chamber, and finally against dual fuel engine experiments using multi-dimensi@nal CF
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simulations. The engine simulations were calculated for natural gas/diesel dual fuel engine
experiments at varying injection timings, engine loads, substitution percentages, and natural gas
compositions. The second manuscript utilizes the developed dual fuel model to explore the in-
cylinder combustion physics and formulate a conceptual explanation of dual fuel combustion
The model is then used to simulate an experiment where knocking occurred and a discussion on
knock in dual fuel engines is made. An additional section has been added on simulations of a
spray into a constant volume chamber where air and natural gas are @es@nying
equivalence ratios. The third manuscript concerns a sensitivity study on RCCI modeling and
includes the construction of multi-component dual fuel mechanism where diesel fuel is
represented using two components. Finally, a study is presented comparing the maximum load
curves between diesel and dual fuel operation and the associated performance and emissions

differences.
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CHAPTER 2: COMPUTATIONAL METHOD FOR ENGINE SIMULATIONS

2.1. CONVERGE and Numerical Scheme

Computational modeling of the in-cylinder physics was performed using the commercial
CONVERGE™ version 2.2.0code. The CONVERGE™ code uses a fixed and uniform
Cartesian grid and a cut cell method at the boundaries. A cell-centered finite volume method was
used where the cell-face flesfor mass, momentum, and energy transport was found ffm 2
order central differencing. An implicit time marching method was used to find the tfansien
solution. The governing equations were solved using the conservative form. The transient solver
used the pressure implicit with splitting of operators (PISO) method of Issa et al. [20] for the
velocity-pressure coupling. The PISO method is a predictor-corrector technique that first solves
the velocity field implicitly and then iteratively updates the velocity field using implicit pressure
solutions.

The governing equations in CONVERGE include conservation of mass, momentum, energy
and chemical species. When a turbulence model is active, additional transport equations include
the transport of turbulent kinetic energy and turbulent dissipation rate, which are explained in
greater detail in section 2.3. The partial differential equations (PDE) for mass, momentum, and
energy are solved simultaneously to ensure the correct pressure gradient. Using Einstein

notation, the compressible form of the mass and momentum PDE’s are respectively,

dp Odpu;
- = 2.1
ot T ox, (2.1
and,
dpu; Odpu;u; dP doy;
Py P 2 4 2y pgits, (2.2)

+
at ax] axi ax]
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where the viscous stress tensgy, is given by,

_ aui+auj +(, 2 >auk6 2.3
Oij = H dx; " ox; U U 92 ij -9

In the above equationg,is the densityy; the velocity componenk the pressure§ the source
term, 1 the dynamic viscosityy ’ the dilation viscosity (assumed to be zegy)the acceleration

component of a body force, afig is the Kronecker delta. The energy equation is,

dpe N du;pe p du; N ou; N 0 K aT N 0 DZ B aY, L 22
at ' ox; | ox  Yox ox\ ax) ox\” mox | TS 24
m

wheree is the specific internal energl, is the thermal conductivityl is the temperaturd) is
the mass diffusivityh,, is the specific enthalpy of speciesY,, is the mass fraction of species
m, andS is an energy source term. The species transport equation is solved separately and is

defined as,

0pm  0PmU; d Y,
tm = —(pp=2 2.5)
ac TTax, o \PPax ) T 23

wherep,, is the density of species (i.e. p,, = pY,,) ands,, is the source term for species m
due to chemical reaction. The molecular mass diffusivity is calculated based on a user supplied

Schmidt number$c, according to,

D=—. (2.6)
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Finally, an equation of state is needed for the compressible transport equations to couple
pressure, density, and temperature. For the simulations in this work, the Redlich-Kwong equation
of state was employed using the critical pressure and temperature of air, as explained in the
CONVERGEM theory manual [21].

The diffusive terms in the momentum and energy equations require the gas phase viscosity
and thermal conductivity of the mixture. Rather than calculating mixture averaged values, these
properties were given the values for air as a function of temperature. This is a reasonable
assumption for engine simulations as typically over 90% of the charge mass consists of air. The
gas phase properties are defined in the inputghkedat, which lists dynamic viscosity;, and
thermal conductivityk, as functions of temperature from 0 K to 5000 K.

A variable time step was employed where the size of the time step is limited by a variety of
stability and accuracy constraints. For example, three different Courant-Friedemtys(CFL)
numbers were used to control the time step, which include the convection based CFL number,
the diffusion based CFL number, and the Mach number based CFL number, defined respectively

as,

At
CFLy =u—, (2.7)
At
CFLV = VA—xz, (28)
At
CFlimaen = a7, (2.9)

whereu is the velocityy is the kinematic viscosity is the speed of soundy is the cell width,

and4t is the time step size. @FL, =1, then the time step is limited such that a massless patrticle
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anywhere in the simulation cannot travel a distance greater than one cell width. In addition, the
time step was restricted based the spray model and the chemistry. When the spray model was

active, the maximum time step allowed was,

Ax
Atgpray = min[ ] X mult_dt_spray, (2.10

parcel velocity

wheremult_dt_spray is a user specified input. Thusniult_dt_spray = 1, then the time step is
restricted such that a spray parcel can only travel the distance of one cell width. When the

chemistry solver was active, the maximum allowable time step was,
[T .
Atcpem = Atprey X min [E] X mult_dt_chem, (2.11;

where 4ty IS the previous time stef, is the initial cell temperaturelT is the temperature
change due to chemical reaction, amult dt chem is a user specified input. Thus if
mult_dt_chem = 0.5, then the time step is restricted such that the change in temperature of any
cell is less than 50% of the initial cell temperature. Specific values for the CFL numbers and
other time step control parameters are given throughout the chapters where specific computation
method is described.

Details of the PISO algorithm can be found in the CONVERGtheory manual. During
each PISO loop, the discretized form of the transport equations are solved using iterations of the
point-wise selective over-relaxation method until the iteration error for each solution variable has

converged within a specified tolerance. The iteration error is defined as,

A \
error, = L , (2.12
norm
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wheregp is a solution variable]gp is the change in the solution variables between successive SOR
iterations, andhorm is a normalization value far. The convergence tolerances used for each of
the solution variables is given in the appendix. Once the PISO algorithm has converged, a final
iteration is performed using point-wise Jacobi method to ensure strict conservation of the

variables. Finally, the turbulence equations are solved for using the new solution variables.

2.2. Geometry

All engine combustion simulations in this work utilized a 1/7th sector of the cylinder
geometry, wherein each sector included one of the injector’s seven nozzles as depicted in Figure
2.1(a). A 2 mm base cell size was used for the sector simulations. Adaptive mesh refinement
(AMR) was used to refine the grid based on temperature and velocity gradients with the
minimum cell size being 0.25 mm. Fixed embedding using a cone with 0.25 mm cells was used
in the near nozzle region. The choice of a minimum cell width of 0.25 mm is based on the
recommendations from Senecal et al. [22], who demonstrated grid convergence spray behavior
with the same spray models at 0.25 mm and significant increases in computational cost with
further refinement. Additionally, the full cylinder geometry with intake runners and valve
motions as depicted in Figure 2.1(b) was used for preliminary simulations of the intake stroke for
the purpose of obtaining a mapping file at IVC. The mapping file was then used to initialize the
velocity and turbulence fields in the sector simulations. The base cell size in the intake stroke
simulations was 4 mm and the minimum cell size for AMR was 0.5 mm. The intake stroke
simulations also used fixed boundary embedding of 0.5 mm along the cylinder head, liner, and
piston. Fixed boundary embedding was used along the valve surfaces where the velocity is high

to aid with stability.
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(a) (b)
Figure 2.1. (a) Sector geometry used for engine combustion simulations. (b)
Cylinder and port geometry used to obtain the velocity and turbulence fields at
IVC for use in the sector simulations. The cylinder liner is hidden to show the
piston geometry.

In addition to engine simulations, spray validation studies were used to evaluate the
performance of the spray models and the reduced chemical mechanisms. These spray models
were validated against spray experiments in a constant volume chamber. Therefore, the spray
simulations were carried out in a constant volume cube geometry. The spray is injected at the
center of one of the cube faces. Similar to the engine simulations the base cell size in the
constant volume chamber geometry was 2 mm and the minimum cell size was 0.25 mm. Also a

cone of fixed embedding with 0.25 mm was used in the near nozzle region.

2.3. Turbulence model

The presence of turbulence significantly increases the diffusion rates of mass, momentum,
energy, and chemical species. Accurate representation of the higher diffusias imratesrtant
for capturing the chemical reaction rates in premixed and non-premixed combustion. The
turbulence model utilized for the simulations herein was a Reynolds Averaged Navier-Stokes

(RANS) model. In a RANS model the actual velocity, is decomposed into an ensemble
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averaged velocity component;, and a fluctuating velocity component,, which is known as

the Reynolds decomposition,
w =u; +u; (2.13

For constant density flows, substitution of the Reynolds decomposition into the governing
eqguations yields an equivalent form with ensemble averaged quantities plus additional turbulent
terms which need to be modeled. However, for high speed flows, such as those occurring in
engines, the density is not constant and therefore density weighted flow quantities are more
appropriate for describing the turbulent governing equations. This density weighting is
accomplished using Favre averaging, which is denoted with a tilde. The Favre averaged velocity

is defined as,

u; =

u
q, =2 (2.14
p

The Reynolds decomposition is then redefined using Favre averaged quantities according to,
u; = ﬁi + u;', (215:

wherey;’ is the fluctuating velocity component with respect to the Favre averaged velocity.
Applying ensemble averaging to the Navier-Stokes equations and substituting in the Favre
averaged decomposition to simplify terms results in a form analogous to the laminar form, but
with Favre averaged quantities for solution variables and an additional term to describe the
effects of turbulence. The ensemble averaged form of the continuity, momentum, energy, and

species conservation equations are respectively,
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Comparison of the ensemble averaged form of the momentum equation in Equation (2.17) with
the laminar form in Equation (2.2) shows that each ensemble averaged term has an analogous
laminar term. However, the ensemble averaged momentum equation also has an additional term,

known as the Reynolds stress tensor,
Tijt = pu{’uj” (2.20

The ensemble averaged energy and species equations also have additional Reynolds turbulence

terms, which are respectively,
q, = —pire” (2.21;
M = —pul'Y,! . (2.22

Here g: is represents additional heat flux in the energy equationnangd represents an
additional mass flux in the species equation for speviddecause there are no readily available

equations for the Reynolds terms, the system cannot be solved.
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To close the system of equations, additional theory for the Reynolds fluctuating terms needs
to be introduced. This is typically done using the gradient approximation, which uses an analogy
between increased diffusion rates due to turbulence and molecular diffusion rates, which are
proportional to the spatial gradient of the quantity being transported. This can stated formally as,

i, _ Mt 0p
go —_- -

0T (2.23

whereg is the scalar quantity being transportedijs a turbulent viscosity, and, is a turbulent
non-dimensional number relating, to the turbulent proportionality coefficient fap. By

applying the gradient approximation of equation (2.23), the Reynolds fluctuating terms in

equations (2.20) through (2.22) can be expressed respectively as,

. ot 0% 201 2
o " ox 30m,0) "
Xj axi 3 axk

—puUu; = Uy Mtk(sij' (2.24,

__u”e” — _a ﬁ:ﬁﬁ (2 25‘
pth p Yox;  Pr,ox; o
S TEval oV, I oY,

'Y = 5D, — = . 2.26
pth tm =P Y9x; ~ Sc; Ox; (2.26

where a; is a turbulent thermal diffusivity); is a turbulent species diffusivity, andis the

turbulent kinetic energy, which is explained below. In equation (225 a turbulent Prandtl

number, i.e.,

He
Pr, = —, 2.27
t p ( )

at

andSc:is a turbulent Schmidt number, i.e.,
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Sc, = = ‘
Ct /th (228‘

For all simulations presented herein, constant values 0f B9 and Sc= 0.78 were
assumed, which are typical values of air. Therefore, RANS models use increased viscosity,
thermal diffusivity, and species diffusivity to represent the effects of turbulent eddies. The
solution from a RANS simulation will produce the ensemble averaged flow and does not resolve
any of the turbulent eddy structure observed experimentalien the average behavior is
sufficient to produce useful simulation results.

By assuming constant turbulent Prandlt and Schmidt numbers, the turbulent viscosity is the
last remaining quantity needed to close the system of governing equations. There are a number of
methods used to model turbulent viscosity. The most common approach, which is also used in
this work, is a two equation modéh a two equation RANS model, two additional transport
equations for turbulent kinetic enerdy,and turbulent dissipation ratg,are solved for and used
to define the turbulent viscosity and turbulent conductivity for each computational cell. The

turbulent kinetic energy is defined as,
k==uul". (2.29

The turbulent dissipation rate is the rate that turbulent kinetic energy of the smallest eddies is
transformed into molecular thermal energy. The turbulent viscosity is then found using the

values fork ande at each cell center using,

2
e = Cup— (230
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where(, is a model constant. The Reynolds turbulent stress term in equation (2.24) then can be
expressed using the definition fqr

(0 oy 20w\ 2 Jap
Tij = Wt ox, T ax, 3% oy, 3 Hekdij, (2.31

For the simulations in this work, the RNG turbulence model used was the renormalization

group (RNG)k-¢ from Han and Reitz [23]. The transport equationkfis;

opk Odpw;k  Odu; 0 u Ok +s 5 30
at axi — % ax] axi Prk axj pe s ( R

wherePI is a Prandtl number describing the ratio of viscous diffusion to diffusi&raotlS; is
a source term used by the spray model to represent turbulent kinetic energy transferred from the

gas phase to the liquid parcels. The transport equatiangor

6ps+6(puis)_ 0 (u 65) ou; ( ou;

—_— =— — |+ czpe=—+ | cor=—
ot 0x; 0x;j \Pr; 0x; e3f 0x; 1 9x;

&
Tij — CeaPE + cSSS>E — PR, (2.33
where for the RNG model tHeterm is,

_Gn*(—n/no)e?
RN

(2.34
Then term in equation (2.34) is,

k k .

In thee equationPr, describes the ratio of viscous diffusion to the diffusion @fdc,,, c.3, and

c.1 are model constants. The RNG model is an improvement over the stkrdaatiel R = 0)
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because the model constants can be derived analytically from iso-tropic turbulence correlations
and therefore does not require tuning of model constants.

For RANS based turbulence models, a turbulent length scale can be defined to aid in
determining if the grid is properly resolved to represent turbulent diffusion rates, which is

defined as,

k3/2
le = C,%/*—, (2.36,
where(, is a model constant. The cell width should be less lénanareas where combustion is
occurring to ensure accuracy in combustion rate. It was found that a cell spacing of 0.25 mm is
able to accomplish this in most situations.

The assumption of a well stirred reactor in each cell was made. Even though RANS models
account for increased diffusion rates from sub-grid turbulence, there is still commutation error
between the cell centered temperature and averaged reaction rate. There were no sub-grid models
used to correct the cell centered mean reaction rate for turbulence-chemistry interactions (TCI)
However, Pomraning et al. [24] found that the well-stirred reactor assumption with a RANS
turbulence model is able to achieve grid convergence for premixed and non-premixed
combustion at cell sizes of 0.25 mm and smaller using AMR and that the converged solution
agreed well with experimental measurements of premixed and non-premixed flames. Pomraning
et al. also concluded that while the TCI commutation error in the cell-average reaction rate is not
accounted for with the well-stirred reactor assumption, in a well-resolved RANS simulation the

magnitude of this error must not be significant in comparison to other sources of uncertainty.
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2.4. Sector initial conditions

The initial conditions in the engine sector simulations used a homogenous temperature,
pressure, and composition. As explained previously, the initial velocity and turbulence fields in
the sector simulations were mapped from an intake stroke simulation using the complete cylinder
geometry. An intake simulation was performed once for each engine speed and boost pressure as
the charge motion is most strongly dependent upon those parameters as opposed to the fuel air
ratio of natural gas. The mapping file was then used for cases with different diesel injection
timings and natural gas/air ratio as long as the engine speed and boost pressure were the same.

A single cylinder GT-POWER model was used to find the trapped mass at (intake valve
closure) IVC, the exhaust residual mass, the IVC pressure, and the IVC bulk temperature. The
values for IVC temperature and pressure obtained from the GT-POWER simulation were close
to the values obtained from the intake stroke simulation, but small differences in initial pressure
and temperature can lead to larger differences in the TDC pressure and temperature, which
affects the ignition delay of the spray and the flame speed. It was found that using the GT-
POWER results for IVC pressure and temperature in the sector simulations gave closer
agreement with the experimental compression curve in comparison to the conditions found from
the CONVERGE intake stroke simulation. This closer agreement could be due to the multiple
cycles used in the GT-POWER solution. Even though the agreement was close using the GT-
POWER initial conditions, some tuning of the initial pressure and corresponding initial
temperature was necessary for the sector simulations to more closely match the pressure curve
during the compression stroke. Also some final tuning of wall temperatures was used to match
the TDC pressure as the heat transfer has the most significant impact on cylinder pressure near

TDC.
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2.5.Boundary Conditions

For the sector simulations, periodic boundary conditions were used where mass, momentum,
and energy could translate from one side of the sector to the other. The walls of the cylinder used
homogenous Neumann conditions for pressure, species, passives, and turbulent kinetic energy.
The turbulent dissipation rate used a zero Dirichlet condition. The surface roughness of all
surfaces was set to zero. Turbulent law of the wall functions where used for the velocity and
temperature boundary conditions. Law of the wall functions are logarithmic fits of a turbulent
boundary layer and are necessary at high Reynolds number flows, because resolving the viscous
sub-layer would require very small cells that would be computationally expensive. When using a
k-¢ turbulence model, CONVERGE uses the velocity law of the wall from Launder and Spalding
[25], which uses a Von Karmen constant of 0.42. For temperature, the turbulent heat transfer
model of Amsden [26] was used. These wall functions are described in further detail within the

CONVERGEM theory manual [21].

2.6. Spray Model

The spray model considered in this study was that of the Lagrangian drop Eulerian fluid type.
Unless otherwise stated, the liquid phase was modeled as a single component with the
thermodynamic properties of diesel fuel obtained from the CONVERGE™ liquids property
library (known as “DIESEL2”). These properties include the vapor pressure, density, heat
capacity, and surface tension as functions of temperature. These properties are close to those for
tetradecane. The dynamics of the spray droplets were modeled using a statistical approach where

Lagrangian particles called parcels are used to represent a group of identical droplets. The blob
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injection method was used in which parcels are initialized at a random location within the nozzle
diameter with a drop radius equal to the nozzle radius. These initial parcels are referred to as
parent parcels and represent the intact liquid core of the spray. Droplet breakup was modeled
using the modified KH-RT droplet breakup model, in which the Kelvin-Helmholtz (KH) breakup
mechanism initially strips off smaller droplets from the parent parcels due to surfaces waves
from viscous aerodynamic forces. These smaller drops are represented by adding child parcels
having a breakup droplet radius and reducing the mass of the parent parcel such that mass is
conserved Thereafter the breakup of child parcels occurs as a competition between the KH
mechanism and Rayleigh-Taylor (RT) mechanism due to droplet deceleration, which causes
child parcels to split into a greater number of parcels all having a smaller RT breakup radius.
Because the parent parcels are only broken up by the KH mechanism, the hybrid model does not
use a defined breakup length to model primary breakup. More details of the modified KH-RT
breakup mechanism is containedlin CONVERGE™ theory manual [21]. The magnitude and
wavelength of the initial liquid surface disturbances responsible for the primary KH breakup
were modeled using the KH-ACT method of Som and Aggarwal [27], which includes effects for
aerodynamics, cavitation, and turbulence within the nozzle.

Droplet collisions can also cause droplets to break apart as well as cause them to merge into
larger droplets. Collision and coalescence were modeled using the no time counter (NTC)
collision model of Schmidt and Rutland [28]. Collision outcomes included reflexive and
stretching separation as described by Post and Abraham [29]. The droplet distribution throughout
the spray is highly dependent upon the collision model and a convergent outcome requires a
sufficient number of injected parcels. The number of parcels chosen is based on validation

against experiment spray data as described in Chapter 4. Droplet/wall interactions were modeled

26



using the CONVERGE™ hybrid film model, which uses both particle and film height quantitie
to model wall impingement [21]. The Frossling correlation was used to model droplet
vaporization, which assumes a homogeneous droplet temperature.

Modeling of momentum coupling between the liquid and gas phases is a challenging problem
for high pressure sprays and is well known to produce grid dependent results. One reason for this
is because much of the exchange of momentum occurs in the boundary layer surrounding the
droplets as they travel through the gas. However, the droplet boundary layers are of such a small
scale that resolving them in a CFD simulation is far too computationally expensive. Therefore,
sub-grid models are required to exchange momentum between the parcels and the cell centered
nodes. One example of grid size dependence that arises from a sub-grid approach is when the
parcel velocity becomes close to the cell velocity such that the relative velocity is nearly zero.
The relative velocity is responsible for determining breakup time in the KH and RT breakup
mechanisms. With zero relative velocity the breakup time in the KH and RT mechanisms
becomes goes to infinity and very long liquid penetrations are the result. This non-physical result
is due to grid size and can lead to highly inaccurate combustion results. CONVERSHS a
nearest node approach to for the exchange of momentum from liquid parcels to the gas phase and
an interpolation method to exchange momentum from the gas phase to the liquid parcels, which
significantly helps prevent the relative velocity from going to zero. Nevertheless, sufficient grid
resolution is required. As described previously, Senecal et al. [22] performed grid convergence
studies for sprays using the same models in the CONVERGE code and found that a cell width of
0.25 mm resulted in grid convergent spray behavior. The computational cost increased greatly

with further refinement. Therefore, the 0.25 mm cell width is used for the sprays in this study.
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To model the diesel injection, QOVERGE™ first calculates the injected mass flow rate as a
function of time,m(t), from user supplied measurements of the total injected mass, the injection
duration, and the rate of injection profile or rate shape. Usif, the mass injected during
during a time step is determined and this mass is divided evenly among the number of parcels
injected during that time step, which is determined by evenly distributing the total number of
injected parcels across the injection duration. The injection velogifyof the parcels is related

to the injected mass flow rate according to,

m = piherfVinj (2.37,

wherep, is the liquid density and,( is the effective area of the jet due to area contraction from
a vena contracta. However, the effective area is unknown and therefore the injection velocity
must be related to the geometric area of the nozzle orfficeRrior to area contraction, the mass

flow rate is defined as,

m = p1AnVoia (2.38

wherev,, is the average velocity before area contraction. Widitknownv,;; can be solved for
directly. Therefore, a relation is needed betwegp and v;,; to complete the spray parcel
initialization.

The two definitions for mass flow rate in equations (2.37) and (2.38) can be related using

a discharge coefficient model,

m = Cap1AnVigeal (2.39,
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wherep;, is the liquid density4,, is thenozzle’s orifice area(, is the discharge coefficient, and
Vigear 1S the ideal velocity. The ideal velocity is found from the Bernoulli relation for inviscid
flow according to,

2 APy

Videal = o (2.40

whereAP,,; is the pressure difference across the injector nozzle. When the flow is Agady
should be equal to the difference between the measured rail pregsyreand the measured
cylinder pressurep.,;. CONVERGEM first calculates,;; using the known mass flow rate and

equation (2.38). Equating equations (2.38) and (2.39), the injection pressure is then calculated

accordingo,

1 (Voia\? \
APinj ==p ( > (241‘

The discharge coefficient is a user supplied quantity that and is typically measured unger stead
flow conditions. The discharge coefficient accounts for the effects of viscid flow and the vena

contracta via,
Ca = CoCy (2.42

where(, is the contraction coefficient,

C, = (2.43

andc, is the velocity coefficient,
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Vinj
c, =—2>

= . (2.44
Videal

For the simulations performed in this study CONVER®GHRises the varying injection
pressure AP;,;(t), to calculate a dynamic velocity coefficiertl,(¢t). The relation between
velocity coefficient and injection pressure is not publicly shared by Convergent Science. Using
C; andC,(t), C,(t) is then calculated from equation (2.42). Finally, the initial velocity of the

injected parcels is found from,
Vinj = . (2.45
a

2.7.Chemistry model

Reduced chemical kinetic mechanisms were used to solve for the chemical reaction rates at
each cell center in all of the simulations presented in this work. A chemical kinetic mechanism is
a set of elementary reactions and associated rate constant information, which when solved as a
system of equations can describe the overall chemical reaction rates that occur during
combustion. These kinetic mechanisms were reduced from detailed mechanisms, which are too
large to yield run times less than 24 hours in multi-dimensional CFD simulations. To limit the
compute time, a goal of the reduction was to keep the size of the reduced mechanism under 150
species. CONVERGH®! uses a preconditioned iterative solver for mechanisms over 100 species,
which significantly reduces the compute time. To further reduce computational cost, a multi-
zone chemistry model was employed where the chemistry for cells similar in temperature,

progress equivalence ratio, and mass fraction of the fuel species are solved simultafid®usly.
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multi-zone method of Babajimopoulos et al. [30] was used. The mechanisms were written in the
CHEMKIN® format, which uses the Arrhenius form for the reaction rate constants.

For most of the simulations, diesel fuel was represented as n-heptane due to the similar
ignition delay properties with diesel fuel [22] and similar heating value. Natural gas was
represented as a mixture of methane, ethane, and propane with the composition matched to a gas
sample measurement. While pipeline quality natural gas is predominantly methane, its reactivity
is greatly influenced by the presence of ethane and propane, which are typically present in low
concentrations, but have much higher reactivity than methane. The measured natural gas
compositions in this work had negligible levels of hydrocarbons heavier than propane and
therefore the assumption of a methane through propane surrogate is an accurate one.

The direct relation graph with error propagation and sensitivity analysis (DRGEPSA) method
[21], was used to reduce the base mechanisms. Direct relation graph methods are automatic
reduction algorithms that remove unimportant species by comparing reaction rates from zero
dimensional ignition delay calculations. To do this a set of important species or target species is
selected and a range of initial temperatures, pressures, and equivalence ratios is used to initialize
the ignition delay calculations. Species that do not change the ignition delay more than a
specified tolerance are removed and a smaller mechanism is produced which has similar ignition
delay behavior as the original mechanism. The predictive capability of the reduced mechanism
when used to simulate real engine data is dependent upon the range of temperatures, pressure,
and compositions used in the reduction procedure. A more detailed description of the DRGEPSA
algorithm is provided in the CONVERGE theory manual [21].

In addition to solving combustion chemistry, the extended Zeldovich mechanism for NO

formation was included in the simulations. This is three reaction mechanism which uses quasi-
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steady state assumptions and equilibrium constants to solve for thermal NO formation. The NO

mass is converted to N@nass using a factor of 1.533.

2.8. Computational Hardware

The majority of the simulations were performed on the CSU’s ISTeC Cray High
Performance Computing System. This is a Cray XE6 model which contains 54 nodes, 2
processors per node, and 16 cores per processor. Each node contains 32 GB of RAM. Each
processor is a 64 bit, 1.9 GHz AMD Magny Cours. Sector simulations typically used 48 to 64
cores and the intake stroke simulations used over 300 cores. OpenMPI was used for the parallel
processing, which on a Cray system required the use of the cluster compatibility mode (CCM).

There was also a small local cluster that was used in some of the spray simulations and some
of the early engine sector simulations. This was a system of HP processors with each node
having 16 cores and 32 MB of RAM. CONVER®BEwas run using HPMPI to handle the

parallel processing. Sector simulations utilized either one or two nodes.
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CHAPTER 3:EXPERIMENTAL SETUP

3.1. Conversion of Light Duty Diesel Engine to Dual Fuel Engine

Engine experiments were conducted using a four cylinder light-duty General Motojs (GM
1.9 L common rail, turbo-charged diesel engine. The specifications of the engine are listed in
Table 3.1 and the diesel injector specifications are listed in TableF8t2the experiments
described herein, the engine was modified to allow multi-port injection of natural gas. This
modification was accomplished by building a natural gas rail with Woodward natural gas
injectors attached to the rail and connecting tubing from each injector to the intake manifold
runners as shown in Figure 3.1, such that the gas was injected perpendicular to the air flow
direction. To ensure that all natural gas mass was introduced when the air flow rate into the
cylinders was high, injections were timed such that the end of injection was no less than 10
degrees before intake valve closure (IVC) and the start of injection was just after intake valve
opening (IVO). This minimized cylinder to cylinder exchange of natural gas, which leads to
cylinder load imbalances and introduces uncertainty as to how much natural gas to use as a
model input. The maximum natural gas injection pressure was limited by the injector
characterization table to 7 bar. Therefore, the amount of natural gas that could be injected was
limited.

A propane injection system was installed to mix additional propane with natural gas for port
injection into cylinder 2, sindicated by the ‘T’ connector in Figure 3.1, for two reasons. Firstly,
the presence of end gas auto-ignition is more prevalent in large bore engines lleeause
premixed natural gas flame must travel a further distance to consume all the gas in the cylinder,

giving the end gas a longer residence time to undergo auto-ignition reactions. This can make it
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Table 3.1.

Engine specifications.

GM engine code
Cylinder arrangement
Displacement volume
Bore

Stroke

Connecting rod length
Compression ratio
Injection system

Max injection pressure
Valves per cylinder
Rated power

Rated torque

Z19DTH
4 Inline
19L
82 mm
90.4 mm
161 mm
175
Bosch Common Rail
1600 bar
4 DOHC
110 kW (147.5 hp) @ 4000 RPM
315 Nm (232 ft-Ibf) @ 2000 RPM

Table 3.2. Diesel injector specifications.

Name
Nozzles

Nozzle orifice diameter
Included spray angle
Flow specification
Discharge coefficient

Bosch CRIP 2vI
7
141 micron
148
440 mni/30 sec
0.86

Figure 3.1. Natural gas and propane ]dort injection installation. Note that the

propane injection tube tees into the natural gas tube for cylinder 2.

fuel engine can be dependent upon

difficult to induce knocking in small bore engines, such as the one used in this study. However,
by adding a small amount of propane to make the natural gas more reactive, the ratio of flame
travel time to end gas ignition delay time in a small bore engine can be made more similar to that
in a large bore engine. Additionally, the reactivity of natural gas, as characterizedtigne

number, can vary greatly worldwide and therefore the presence of end gas knocking in a dual

the concentration of higher hydrocarbon species than
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methane. Propane is often added to simulate fuels with lower methane number and higher knock
tendency. For both of these reasons, propane addition to cylinder 2 was used in some
experiments.

The engine and injectors were controlled by a Woodward Engine Control Module (ECM),
which enabled control over diesel injection pressure, boost pressure, swirl level, EGR rate, and
individual cylinder control of diesel and natural gas injection timing and duration. The diesel fuel
consumption was measured using Micro Motion CMF025 Coriolis mass flow meters on the
supply and return of the fuel tank, which have an accuracy of £+0.1% of the measured rate.
Natural gas consumption was measured using a Micro Motion CMF010 Coriolis mass flow
meter, which has an accuracy of +0.35% of the measured rate. The air mass flow rate was
measured with an automotive hot wire anemometer, which has an accuracy of £3%. In-cylinder
pressure transducers (Kistler 6058A) were installed in the glow plug hole of each cylinder and
pressure data was acquired on a National Instruments data acquisition system. Diesel Rail
pressure was controlled using a pressure regulator, an inlet metering valve on the high pressure
pump, and a Bosch pressure transducer on the rail. Fuel temperature was measured prior to the
high pressure pump. Crank angle data was acquired with a resolution of 0.25 crank angle
degrees. Apparent heat release rates (AHRR) were calculated based on 100 cycle averaged
pressure and assuming a constant ratio of specific heats of 1.3. A 5-point moving average was
applied to smooth out the AHRR profiles. The simulated AHRR profiles were calculated by
applying the same algorithm to the simulated pressure curves.

NOx emissions analyzers were installed in each of the exhaust ports. The make and model

for these analyzers were ECM NOx 5210. Thermocouples were also installed in each of the
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exhaust ports so that exhaust temperature could be compared with the exhaust temperature from

the GT-POWER cycle simulations.

3.2. Rate of Injection Meter and Injector Characterization

The rate shape and injection duration strongly determine the velocity of injected parcels,
which has a significant effect on the rate of droplet break up and vaporizatiwsch type rate
of injection meter was used to measure the rate shape, the injection duration, the delay period
between application of the electric current profile and the start of injection, and the injected mass
as functions of electronic pulse width and injection pressure. Figure 3.2 shows a schematic
layout of the apparatus used in the rate of injection measurements. When the injector fires
pressure waves travel down the passageway in the housing and through the 11 meter rate tube.
An orifice at the end of the rate tube is used to dampen the reflected pressure wave. A pressure
transducer is placed in a static port in the housing near the injector tip is used to record the
pressure wave.

The shape of the pressure versus time profile of the wave is directly proportional to the rate

of volume flow through the injector. This can be expressed as,

P = prauy, (3.1)

wherea is the speed of sound of the flujg}; the fuel density, ana, the average flow velocity

in the tube. This can then be combined with the continuity equation to give the volume flow rate

as a function of the pressure,

q=——"FP, (3.2
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Rate Tube

Figure 3.2. Internals of the apparatus used to hold injector and measure the

pressure wave.
whereA, is the cross sectional area of the tube. In addition to rate shape, the mass flow rate was
measured using an AVL flow meter. A function for density versus temperature was used to
convert the mass flow rate into volume flow rate, because the injected volume is independent of
fuel density. This allowed for volume injected as a function of injection pressure and electronic
injection duration to be tabulated, which are known as injector characterization tables. The
characterization tables could then be used in a feed forward torque based control scheme where
the ECU can predict the amount of necessary fuel to inject in order to deliver a commanded
engine torque. The fuel temperature on the engine was used to determine the fuel density in real
time, convert the desired fuel mass into volume per injection, and determine the electronic pulse
width. This rate of injection data was gathered for each of the four injectors used in the engine

experiments. Figure 3.8hows an example of this data for one of the injectors. A comparison
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between the curves for all four injectors at a single injection pressure of 600 bar is shown in

Figure 3.4, which demonstrates quantitatively similar behavior from injector to injector.
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Figure 3.3. Example of injector characterization data for one of the four injectors.
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Figure 3.4. Comparison of an injector characterization curve between all four
injectors at 600 bar injection pressure.

The ROI data provided an injection duration and shape to model the injection velocity with.

As described in the computational section, there is a predicted injection pressure. For long

injection durations the steady state rate should result in a maximum injection pressure close to

the experimentally measured rail pressure. However, for short injection durations the steady state
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rate is never reached. In these cases the maximum injection pressure can be checked by
comparing the short duration rate shape with a long injection rate shape at the same injection
pressure. An example is depicted in Figure 3.5. The peak injection pressure for the short duration
case should scale with the ratio of peak injection rate to the steady state rate for the long injection
duration. In this case the predicted peak injection pressure should therefore be close to 530 bar
rather than the experimentally measured 700 bar. For such short injection durations it was found
that a slightly lower discharge coefficient was necessary to achieve the 530 bar. This can be
attributed to the fact that discharge coefficients are measured with the injector needle fully open
and only describes the behavior at steady state injection rate. Therefore, the transient behavior of
the needle can be accounted for by reducing the discharge coefficient until the expected peak

injection pressure is attained.
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Figure 3.5. Comparison of a short injection rate shape with another one at the
same injection pressure but with a much longer injection duration.
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CHAPTER 4:SPRAY MODEL VALIDATION

4.1. Engine Combustion Network Experiments

The spray model was validated against spray experiments done by the Engine Combustion
Network (ECN) at Sandia National Laboratories [31], which consisted of a vaporizing, but non-
reacting spray injected into a constant volume chamber at typical TDC temperature and pressure
conditions. Measurements of liquid penetration, vapor penetration, and fuel mixture fraction
were made using various optical imaging and laser diagnostic techniques. A detailed explanation
of the experimental techniques can be found on the ECN website [31]. Spray simulations were
performed for the 500 bar injection pressure Spray A condition [32] and the 1500 bar injection
pressure Spray H condition [33]. Specific details about these two experimental conditions are
listed in Table 4.1. Rate of injection profiles were available for each of these injections. The
injected mass was not provided in the experimental data for Spray A. Therefore, the injected
mass used in the model for Spray A was increased until the predicted injection pressure was

equal to the experimentally measured injection pressure.

Table 4.1. Experimental conditions of two ECN sprays used for model validation.

ECN spray name Spray H Spray A
Fuel n-heptane n-dodecane
Injection Pressure (bar) 1543 539
Injected mass (mg) 17.8 7.8
Injection duration (ms) 6.8 5.65
Ambient Temperature (K) 967 893
Ambient Pressure (bar) 43.3 60.7
Oxygen % 0 0
Nozzle Orifice diameter (mm) 0.100 0.090
Discharge coefficient 0.8 0.86
Fuel temperature (K) 373 373
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The geometry used for the spray simulations consisted of a cube with a side length equal to
that of the experimental chamber. A base cell width of 4 mm was used and adaptive mesh
refinement was used to refine the grid down to 0.25 mm cells based on velocity, temperature,
and fuel mass fraction gradients. Fixed embedding of 0.25 mm cells was used in the near nozzle
region. The choice for a minimum cell size of 0.25 mm is based on the grid convergence studies
performed by Senecal et al. for diesel sprays [22].

Comparisons of liquid and vapor penetration between the simulations and the experiments
are shown in Figure 4.The vapor penetration in the simulations was defined as the maximum
axial distance where the fuel mass fraction was 0.1%. The liquid penetration in the simulations
was defined as the maximum axial distance where the liquid volume fraction within a cell was
0.1%. The spray model demonstrates excellent agreement within the first millisecond, which is
longer than typical ignition delays periods for the particular diesel engine used in this thesis.
Therefore, the breakup and vaporization physics is well represented using the current spray
model at both a low and high injection pressure.

The Spray H dataset also includes the spatial distribution of the ensemble averaged fuel
mixture fraction at various times after start of injection. Comparisons between experimental and
simulated fuel mass fraction were made at 1.13 ms after start of injection. Figure 4.2 presents the
fuel mass fraction profile down the centerline of the spray axis, in which the uncertainty in the
experimental measurement is represented by the vertical thickness of the line. The simulated
centerline fuel mass fraction shows that the axial penetration is about 3 mm shorter than the
experimental. The simulated fuel mass fraction is higher than experimental at the most upstream
position, but the agreement is within 25% relative error for most of the vapor penetration length.

The degree of qualitative and quantitative agreement in Figure 4.2 demonstrates that the coupling
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Figure 4.1 Comparisons between spray simulations and ECN experiments. (a)
Liquid penetration for 1500 bar injection pressure Spray H. (b) Vapor penetration
for 1500 bar injection pressure Spray H. (c) Liquid penetration for 500 bar
injection pressure Spray A. (d) Vapor penetration for 500 bar injection pressure
Spray A.
of the spray models and the turbulence model is able to reproduce with sufficient accuracy the
fuel air mixtures in a real diesel spray at engine conditions that control the ignition delay.
Figure 4.3(a) and (b) present a similar comparison for radial fuel mass fraction profiles made
at 25 mm and 45 mm downstream of the injector. Throughout most of the interior of the spray

the fuel mass fraction is well captured by the model. For the 25 mm location, there is some small

discrepancy at the periphery of the vapor boundary. At the 45 mm location, the centerline fuel
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Figure 4.2. Experimental and simulated centerline fuel mass fraction for the Spray
H condition.

mass fraction is under predicted by approximately 25%, which is consistent with the results in

Figure 4.2. However, the level of agreement throughout the majority of the spray cross section at

both locations indicates that the model can sufficiently predict the diffusion rates of fuel into air,

which has a significant impact on ignition delay and flame location in diesel sprays.
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the Spray H condition at (a) 25 mm and (b) 45 mm downstream of the injector.
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CHAPTER 5:A REDUCED CHEMICAL KINETIC MECHANISM FOR CFD

SIMULATIONS OF NATURAL GAS/DISEL DUAL FUEL ENGINES

5.1.Introduction

To date there is still not a sufficient chemical kinetic mechanism for simulating natural
gas/diesel dual fuel combustion that can account for the variation in chemical reactivity of the
natural gas source. Niemann et al. [15] used pure methane as a natural gas surrogate in a multi-
dimensional model KIVA model for natural gas/diesel reactivity controlled compression ignition
(RCCI) under the assumption that a natural gas mixture with high methane content should
behave similarly to pure methane. However, Bourque et al. [17] found that ignition delay periods
and flame speeds for typical pipeline natural gas compositions with small concentrations of
heavier hydrocarbons can be quite shorter compared with pure methane. Rahimi et al. [34]
presented a 76 species reduced chemical kinetic mechanism for natural gas/diesel homogeneous
charge compression ignition (HCCI) engines by combining a reduced n-heptane mechanism with
the GRI-Mech 3.0 natural gas mechanism and then using a genetic optimization algorithm to
adjust rate constants for three different engine operating conditions consisting of different natural
gas percentage, total equivalence ratio, exhaust gas recirculation (EGR), and compression ratio.
However, only one natural gas composition was validated in the study by Rahimi et al. and
therefore a rate constant optimization and validation study is necessary beforéet agplied
to a different natural gas composition. Also, the validation simulations used a five zone model
rather than a multi-dimensional CFD simulation, meaning the rate constant optimization could be
compensating for errors from the simplified spatial resolution. Furthermore, the mechanism of

Rahimi et al. was validated for HCCI simulations and not for simulations of premixed
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propagating natural gas flames or non-premixed diesel spray flames, which are present in dual
fuel engines and should be validated using a multi-dimensional simulation with sufficient spatial
resolution.

The objective of the present study is to develop a reduced chemical kinetic mechanism from
highly detailed base mechanisms for use in multi-dimensional CFD simulations of natural
gas/diesel dual fuel engines where premixed propagating natural gas flames and non-premixed
diesel spray flames are present. The developed mechanism does not utilize rate constant tuning
and can model a wide variation in natural gas composition while yielding compute times of less
than 24 hours. Validation studies for the present reduced mechanism include comparisons with
detailed mechanisms using calculated ignition delay sweeps and HCCI simulations, experimental
methane laminar flame speeds at high pressure, optical experiments for a reacting diesel spray
a constant volume chamber, and dual fuel engine experiments for two different natural gas

compositions including a case where engine knocking occurred.

5.2.CSU141 Reduced Mechanism

The new reduced dual fuel chemical mechanism was constructed from previously published
detailed mechanisms. Diesel fuel was modeled using n-heptane due to similar Cetane number
and heating value with diesel fuel [22]. Natural gas was modeled using mixtures of methane,
ethane, and propane as a surrogate. While pipeline quality natural gas is predominantly methane,
its reactivity is greatly influenced by the presence of ethane and propanh, avhitypically
present in low concentrations (< 10% by volume combined), but have much higher reactivity
than methane. Larger hydrocarbons such as butane and pentane were not included in the natural

gas surrogate mixture, because they typically have a very low concentration in pipeline natural
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gas mixtures and have been shown not to have a significant impact on the combustion behavior
when present in such low concentration [35] [36].

A reduced methane/ethane/propane mechanism was formulated from the detailed methane
through n-pentane mechanism (293 species, 1588 reactions) from Healy et al. [37] at the
National University of Ireland Galway, hereafter referred to in this paper as thellNUIG
mechanism. This detailed natural gas mechanism has been previously validated against
experimental ignition delay data from rapid compression machine and shock tube experiments at
temperatures between 630 and 1550 K, pressures up to 30 bar, and at lean, stoichiometric, and
rich conditions. A reduced n-heptane mechanism was formulated from the detailed n-heptane
mechanism from Curran et al. [38] [39] at Lawrence Livermore National Laboratbtiki X
with 561 species and 2539 reactions, hereafter referred to as the LLNL mechanism. The detailed
LLNL mechanism has previously been validated against experimental ignition delay data from
rapid compression machine and shock tube experiments for temperatures between 550 and 1700
K, pressures between 1 to 42 atm, and equivalence ratios from 0.3 to 1.5.

The direct relation graph with error propagation and sensitivity analysis (DRGEPSA) method
[40] was used reduce the detailed base mechanisms, which is an automatic mechanism reduction
algorithm included within the CONVERGE™ software package. The NUIGIII mechanism was
reduced based on ignition delay calculations of two different natural gas mixtures in air as
described in Table 5.1. The target species included helium and argon to retain the third body
efficiency information, because these inert species are often used in laminar flame experiments at
high pressure. The 85% methane composition was chosen to be similar to the composition
measured in the engine experiments. This reduction resulted in a 49 species skeletal mechanism

for methane, ethane, and propane mixtures. A preliminary study of this reduced mechanism
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found that ignition delay for pure propane in air did not agree well with the NUIGIII mechanism.
Therefore, another reduction was performed for a composition with higher propane content than
ethane content, which resulted in a 46 species skeletal natural gas mechanism. Next, DRGEPSA
was used to reduce the LLNL n-heptane mechanism to a 131 species and 656 reactions skeletal
mechanism. The three reduced mechanisms were then combined to form the final 141 species
and 709 reactions reduced chemical kinetic mechanism for mixtures of methane, ethane,

propane, and n-heptane, which is hereafter referred to as the CSU141 mechanism. An illustration

of the reduction procedure is given in Figure 5.1.

Table 5.1. Conditions used for reducing the base mechanisms using DRGEPSA.

Base Detailed
Mechanism

LLNL n-heptane

NUIGIII Natural Gas

NUIGIII Natural Gas

Target species

N-GHe Os OH, HG,,
CH4! CZHGi Q’>H8’ Hel

CH,, GHg, GHs, O,
OH, HG,, CG,, H0, Ar,

CH,, GHg, GHs, O,
OH, HG,, CG,, H0, Ar,

Ar, N, He, N, He, N,
Fuel CompOSition XnC7H16= 1.0 XCH4 = 0.85, XCH4 = 0.93,
(mOIe fraC.) Xecane = 0.1, Xecane = 0.02,
XC3H8 =0.05 Xchg =0.05

Temperature (K)

700, 750, 800, 850,
900, 950, 1000, 10504

750, 800, 850, 900, 95(
1000, 1050, 1100, 1150

750, 800, 850, 900, 95(
1000, 1050, 1100, 1150

fraction

1100, 1150, 1200 1200 1200
Pressure (bar) 10, 30, 80 10, 30, 80 10, 30, 80
Equivalenceatio, ¢ | 0.2,0.5, 1.0, 1.5, 2.0 0.2,0.4,0.6,0.8,1.0,1.1 0.2,0.4,0.6, 0.8, 1.0, 1.
14 1.4
Ignition delay error 0.1 0.5 0.5
(%)
Sensitivity analysis 0.75 0.75 0.75

Any duplicate reactions between the three reduced mechanisms were given the rate constant
values from the reduced natural gas mechanisms to ensure that engine knocking from natural gas
auto-ignition is accurately represented. Care was taken to find and add reactions from the
detailed base mechanisms that were not in any of the individual reduced mechanisms, but whose

species were all present after combining the reduced mechanisms. For laminar flame speed
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LLNL v3.1 n-heptane DRGEPSA n-heptane CSU141 Dual Fuel

Curran et al. » 131 species » n-heptane, CH4, C2H6, C3H8
561 species, 2539 reactions 141 species, 709 reactions
DRGEPSA Nat. Gas 49 species *
NUIG Il C1 - nC5 ‘_’85% CH4, 10 % C2H6, 5% C3H8

Healy et al. ‘

293 species, 1588 reacﬁonsy_> DRGEPSA Nat. Gas 46 species
93 % CH4, 2% C2H6, 5% C3H8

Figure 5.1. Diagram showing the reduction of detailed mechanisms and
combination of reduced mechanisms.
calculations, the natural gas transport data from Bourque et al. [17] was combined with the
transport data from the LLNL n-heptane mechanism, whereby any duplicate species were given
the transport data from the natural gas data file. The CSU141 mechanism (species, reactions) is
provided in appendix A.

Ignition delay and zero dimensional HCCI engine calculations were performed using
CHEMKIN®. The ignition delay period was defined by a 400 K increase in temperature, because
this is the definition built into the DRGEPSA algorithm. The 400 K increase definition was
compared with the maximum temperature derivative definition and good agreement between the
two definitions was observed at all conditions. The present CSU141 mechanism is not compared
against experimental ignition delay data, because a heat loss model would need to be added in
the calculations and this would introduce additional error making it difficult to assess the
accuracy of the reduction method. The reader should refer to the detailed mechanisms for

comparisons with experimental ignition delay periods.

5.3. Engine Experiments
The experimental operating conditions are listed in Table 5.2. The nomenclature for referring

to the different operating conditions in Table 5 uses a ‘D’ to designate diesel followed by the
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Table 5.2. Experimental operating conditions.

Fuel case name D25G17 D12G22 D11G8 D11G18 | D12G22P2
Engine Speed (RPM) 2200 2200 2000 2000 2200
Injected diesel per cylinder (mg) 25.4 121 +3 10.6 10.6 11.7+3
Natural gas per cylinder (mg) 16.5 21.8 8.0 17.9 22.1
Propane per cylinder (mg) 0 0 0 0 2.3
Natural gas substitution, z (%) 43.3 67.9 47.6 67.1 71.9
Natural Gas Composition Lower Reactivity | Lower Reactivity Rz;%Ti(\e/irty RZL%Ti(\e/irty Rléggﬁ/rity
Diesel injection pressure (bar) 700 700 700 700 700
Injection Duration (CAD) 134 6.2 5.9 5.9 5.3
Electronic SOI (°ATDC) -8.8 -13 -8 -14 -12 -12 -10
Boost pressure (kPa abs) 169.3 167.2 168.2 163.6 120 120 163
Manifold temperature (°C) 43.6 43.5 44.6 44 .4 39.6 38.6 48.2
Net IMEP (bar) 15.0 15.6 10.9 10.7 7.0 11.7 11.7
Natural gas equivalence ratio, Png 0.357 0.362 0.479 0.512 0.25 0.55 0.600
Total equivalence ratio, ¢t 0.845 0.856 0.712 0.765 0.55 0.74 0.824

mass of diesel injected per cylinder per cycle in units of milligrams rounded to the nearest
integer. In a similar manner, the letter ‘G’ signifies the mass of natural gas in milligrams and ‘P’
signifies the mass of propane in milligrams. Start of injection (SOI) timing sweeps were
performed for two different fuel combinations at 2200 RPM and the highest boost pressure
attainable at this engine speed. The D25G17 SOI sweep had a moderate substitution rate of about
43% natural gas by energy and the D12G22 sweep had a higher substitution rate of about 68%.
Additionally, a load sweep was performed at 2000 RPM and a lower boost pressure by
increasing the natural gas mass while keeping the diesel injection constant. The load sweep used
a higher reactivity natural gas composition while the SOI sweeps used a lower reactivity natural
gas composition as described in Error! Reference source not found.. The variation in natural
gas composition is due to moving the location of the engine from one facility to another and
conducting the experiments at different times of the year. Additionally, in the D12G22P2

experiment, an additional 2 mg of propane was added to a case from the D12G22 SOI sweep to
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induce engine knocking and assess whether the model could predict natural gas auto-ignition.
Therefore, these experiments encompass a wide range of substitution percentages, engine loads,
natural gas equivalence ratios, natural gas reactivity, and TDC conditions for validation of the

reduced mechanism.

Table 5.3. Measured natural gas composition at two different facilities.

Species Low Reactivity | High Reactivity
(mole fraction) | (mole fraction)
CH, 0.9461 0.8812
C:He 0.0285 0.0823
CsHg 0.0031 0.0075
CO, 0.0125 0.0167
N> 0.0093 0.0123

5.4.Results
5.4.1. n-Heptane Ignition Delay Calculations

Figure 5.2 shows comparisons of adiabatic zero dimensional ignition delay periods between
the detailed LLNL n-heptane mechanism and the CSU141 reduced dual fuel mechanism.
Comparisons are made for n-heptane/air mixtures at pressures of 10, 30, and 80 bar,
temperatures between 700 to 1300 K, and equivalence betwsen very lean, ¢ = 0.2, and
rich, ¢ = 2.0. These temperatures and pressures are relevant to diesel sprays at engine TDC
conditions. The reduced CSU141 mechanism has excellent agreement with the detailed base
mechanism across all conditions presented in Figure 5.2 and in particular captures the negative
temperature coefficient (NTC) region resulting from the two stage ignition process for n-heptane.
Figure 5.2(d) shows excellent agreement at rich mixtures between 700 and 1000 K where diesel
sprays are known to undergo auto-ignition. Therefore diesel spray auto-ignition should be well

captured by the CSU141 mechanism.
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Figure 5.2. Ignition delay plots for n-heptane/air mixtures comparing the CSU141
reduced mechanism with the detailed LLNL mechanism for (a) veryleaf.2,
(b) leane = 0.5, (c) stoichiometrie = 1.0, and (d) rickp = 2.0 mixtures.

In addition to conventional dual fuel combustion, early injection schemes such as RCCI
require accurate modeling of the chemical kinetics of diesel fuel over a wider range of
equivalence ratios. Fuel air mixtures in RCCI engines can be anywhere between rstighty
very lean and begin at temperatures lower than peak compression temperatures. Figure 5.2(a),

(b), and (c) show excellent agreement for CSU141 at lower temperatures for very lean to

stoichiometric conditions.
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5.4.2. Natural Gas Ignition Delay Calculations
Comparisons of ignition delay between the detailed NUIGIII mechanism and the reduced

CSU141 mechanism for two different natural gas/air mixtures consisting of methane, ethane,
propane, and air are shown in Figure 5.3. The 90/6.7/3.3 mixture consisted of 90% methane,
6.7% ethane, and 3.3% propane by mole. The 70/20/10 mixture consisted of 70% methane, 20%
ethane, and 10% propane by mole. The ignition delay plots show that the reduced CSU141
mechanism captures with excellent accuracy the behavior of the detailed mechanism for both
mixtures across the range of pressures, temperatures, and equivalence ratios. Therefore, it is
expected that the CSU141 mechanism should be able to predict auto-ignition in natural
gas/diesel dual fuel engine simulations. It should be noted that the NUIGIII mechanism has not
been validated for these mixtures above 30 atm. However, the 80 bar calculations were of
interest because typical turbocharged light-duty diesel engines can have TDC compression

pressures near 80 bar.

5.4.3. Adiabatic HCCI Smulations

The ignition delay calculations presented thus far were conducted at constant volume and
fixed initial temperature/pressure. The performance of the mechanism was further validated for
the effects of varying temperature and pressure from the compression and expansion strokes in
an engine by performing zero-dimensional adiabatic HCCI engine simulations using
CHEMKIN®. The engine geometry for these calculations was identical to that of the
experimental engine described previously. The engine speed was chosen to be 2000 RPM, which

is close to the speed used in the engine experiments.
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Figure 5.3. Comparisons of natural gas/air ignition delay calculations between the
reduced CSU141 mechanism and the detailed NUIGIII mechanism. The
90/6.7/3.3 mixture is shown in the left column for (a) very lean0.2, (b) learp

= 0.5, and (c) stoichiometrip = 1.0 mixtures. The right column shows the
70/20/10 mixture at (d) very lean= 0.2, (e) learp = 0.5, and (f) stoichiometric

¢ = 1.0 mixtures.

Figure 5.4 shows computational comparisons between the detailed LLNL n-heptane

mechanism and the CSU141 mechanism faeptane/air mixtures at ¢ = 0.5 and ¢ = 2.0. For
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these computations, the initial pressure was fixed at 1.7 bar and the initial temperature was
varied. The CSU141 and the LLNL mechanisms exhibited excellent agreement in terms of start
of combustion timing for the low temperature heat release, high temperature ignition, and
pressure rise. The agreement tends to diverge slightly as the start of combustion retards past
TDC. However, the results of Figure 5.4 strongly suggest that the CSU141 mechanism can
predict start of combustion behavior of diesel sprays and auto-ignition in HCCI or RCCI engines

to the same level of accuracy as the detailed LLNL n-heptane mechanism.
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Figure 5.4. Zero-dimensional adiabatic HCCI engine simulation comparisons
between the detailed LLNL and reduced CSU141 mechanism for varying initial
temperatures of n-heptane/air mixtures atp(a)0.5 and (b} = 2.0.
Figure 5.5(a) shows calculated HCCI pressure curves for the 90/6.7/3.3 natural gas mixture
in air at @ = 0.5 for both the detailed NUIGIII mechanism and the reduced CSU141 mechanism
for various initial temperatures at a fixed initial pressure of 1.7 bar. Figure 5.5(b) shows a similar
comparison for the 70/20/10 natural gas mixture. As shown, the reduced mechanism captures the

ignition behavior of the detailed mechanism for these natural gas mixtures. At lower initial

temperature when the start of combustion begins to retard past TDC, the reduced mechanism
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begins to predict earlier start of combustion than the detailed mechanism. However, the results of

Figure 5.5 strongly suggest that the CSU141 will predict the end gas auto-ignition of natural gas

to the same level of accuracy as the detailed NUIGIII mechanism.
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Figure 5.5. Zero-dimensional adiabatic HCCI engine simulation comparisons
between the detailed NUIGIII and reduced CSU141 mechanism for varying initial
temperatures a = 0.5 for (a) the 90/6.7/3.3 natural gas mixture in air and (b) the
70/20/10 natural gas mixture in air.

5.4.4. Laminar Flame Speed Calculations of Methane at High Pressures

High pressure methane laminar flame speed measurements using spherically propagating
flames in a constant volume chamber were conducted by Rozenchan et al. [41] at 40 and 60 atm.
These high pressure experiments were conducted with helium as the inert and with reduced
oxygen concentration to prevent flow instabilities and maintain laminar behavior. Specifically,
laminar flame speed measurements in CH4/02/He mixtures at various equivalence ratios were
conducted at 40 atm using an oxidizing gas consisting of 17 % O2 and 83% He by volume and at

60 atm using an oxidizing gas with 15% O2 and 85% He by volume. For these experiments, the

unburned gas temperature was held fixed at 298 K.
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Figure 5.6 compares the experimental and calculated results using the reduced mechanism at
both 40 and 60 atm. In the 40 atm case, the CSU141 mechanism agrees with experiments to
within 6% at lean to stoichiometric conditions and slightly over predicts the flame speed at rich
conditions. For the 60 atm case, the reduced CSU141 mechanism over predicts the flame speed
across the range of equivalence ratios investigated, but the deviation diminishes as the mixture
becomes leaner. The relative eriw flame speed at the leanest condition, ¢ = 0.85, is only 8%

and at 9 = 0.9 is 16%.
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Figure 5.6. Comparisons of experimental laminar flame speeds with CSU141

computations for CkHO,/He mixtures at (a) 40 atm and (b) 60 atm. The

experimental data is from Rozenchan et al. [41]. The indicaiéd €fers to the

molar composition in the £He oxidizer gas.

Martinez et al. [42] compared a variety of natural gas mechanisms to experimental laminar

flame speeds for methane/air mixtures at 20 atm and different equivalence ratios. At ¢ = 0.9 they
found a wide spread in predictions with most mechanisms over predicting the flame speed by
20% to 100%. Because the agreement between the simulations and experiments for methane

laminar flame speed at high pressure had less than 20% error, CSU141 is as effective as any of

the natural gas mechanisms evaluated by Martinez et al. Because the natural gas/air mixtures in
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dual fuel engines are usually lean and contain mostly methane, the results in Figure 5.6 are
encouraging and suggest that the reduced CSU141 mechanism can be used to predict flame

speed for lean natural gas mixtures at high pressures in dual fuel engines.

5.4.5. Combusting Diesel Soray

The ECN spray database includes a set of data for a diesel spray at an injection pressure of
1400 bar into a chamber filled with 21% oxygen at a nominal temperature of 1000 K and density
of 30 kg/n? [31], which are typical TDC conditions for high compression ratio diesel engines.
This data set was used to validate the combined capabilities of the spray, turbulence, and reduced
chemical kinetic mechanism to simulate reacting diesel sprays. Table 5.4 lists some of the
important experimental conditions for this spray, while more information can be found on the
ECN website [31].

Table 5.4. Experimental conditions for the ECN combusting diesel spray used for
model validation [23].

ECN spray name Spray D2
Fuel Diesel #2
Injection pressure (bar) 1400
Injected mass (mQ) 14.3
Injection duration (ms) 5.1
Nominal ambient temperature (K 1000
Nominal ambient density (kgfn 30
Oxygen % volume 21
Nozzle orifice diameter (mm) 0.100
Discharge coefficient 0.8
Fuel temperature (K) 436

Experimental ignition delay and flame lift-off length are used as benchmarks for validating
the simulations. The experimental ignition delay is based on the time between start of injection
and the time of rapid pressure rise. In the simulations, the ignition delay is the elapsed time when

the temperature derivative reaches a local maximum that corresponds with the largest

57



temperature rise. The experimental lift-off length is the axial distance from the nozzle to the
flame as measured by OH chemiluminescence. The simulated lift-off length is indicated by the
location where the OH mass fraction becomes larger than 2% of the maximum in the domain.
The simulated lift-off length was measured at 2 ms, which is well after steady state behavior is
established. For these simulations, the liquid properties of diesel were represented using the
properties of n-tetradecane.

Figure 5.7 shows the simulation results using a plane through the center of the spray colored
by the simulated mass fraction of OH and also indicates the lift-off length. Table 5.5 presents a
comparison of the simulated and experimental ignition delay and lift-off length. The simulated
ignition delay is within 14% error of the experimental. When the ignition delay periods are
converted to crank angle degrees at an engine speed of 2000 rpm, the simulated ignition delay is
longer than the experimental by only 0.4 crank angle degrees. The simulated lift-off length is
within 20% error of the experimental. This degree of agreement demonstrates that the coupling
of the reduced chemistry, turbulence, and spray models can give reasonably accurate predictions

of non-premixed diesel jet flames.

Time = 2.000 ms Mass Frac. OH
0.0036
0.0027
0.0018
0.0009
0.0000

Lift-off
Length \

Figure 5.7. Simulation result for OH mass fraction at 2 ms. The lift-off length is
defined as 2% of the maximum OH mass fraction.
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Table 5.5. Comparison of experimental and simulated ignition delay and lift-off length.
Ignition delay (ms) Lift-off length (mm)
Experiment 0.24 9.5
Simulation 0.273 114

5.4.6. Multi-dimensional Engine Smulations

The experimental and computational pressure and heat release rates for the D25G17 and
D12G22 SOl timing sweeps are compared in Figure 5.8(a) and (b) respectively. Each simulation
took approximately 12 hours to compute using 48 cores. As shown in Figure 5.8, excellent
agreement between model and experiment was obtained for the start of combustion phasing,
pressure rise rate, peak pressure, CA10 to CA90 combustion duration, and shape of heat release
rate as injection timing changed. There is some over prediction of the AHRR during the
premixed ignition of the spray, as indicated by the peak in AHRR at start of combustion. For
dual fuel combustion, the first peak in the AHRR curve includes heat release from the premixed
burn of the diesel vapors and entrained natural gas in the head of the spray. The slight
discrepancy in AHRR between model and experiment during spray ignition could be the result of
using a single component fuel surrogate for the diesel chemistry, a single component liquid
surrogate for the vaporization model, error in measurement method for the injector rate shape,
experimental uncertainty in the mass of diesel fuel injected, and using a sector simulation, which
assumes perfect symmetrical behavior for each spray. Overall, the model has effectively captured
the general trends in pressure and AHRR behavior for the two injection timings. The model
predictions are particularly noteworthy given the fact that no adjustments (i.e. tuning) of model
constants was done between different injection timing cases. The only differences made between

the input files other than injection timing included accounting for small variations in manifold
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pressure and the ingested air mass as these parameters varied slightly in the experiments as

injection timing was advanced.
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Figure 5.8. Comparisons of experimental and computational pressure and AHRR
for (a) the D25G17 SOI sweep and (b) the D12G22 SOI sweep.

Figure 5.9 presents comparisons between the experiments and simulations for the natural gas
load sweep using a fixed boost pressure and fixed diesel injection mass and timing. This load
sweep therefore provides validation with variation in natural gas equivalence ratio. As previously
explained, these experiments were conducted with a higher reactivity natural gas mixture due to
greater ethane and propane content. Additionally, the boost pressure used for the load sweep was
appreciably lower than that used in the SOI sweeps. The simulations were able to capture the
start of combustion timing, the pressure rise rate, the shape and magnitude of the AHRR profile,
and the combustion duration. Again, some over prediction was observed for the heat release rates
during spray ignition, which can be attributed to the same sources of error discussed above for
the SOI timing sweep. The peak pressure was somewhat under predicted and as a result the
expansion pressure was also lower. Examination of the experimental AHRR for the D11G18
case near the timing of peak pressure shows a small increase in the AHRR that is not captured by

the simulations. This discrepancy could be due to sources of error that are not specifically due to
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the accuracy of the chemistry in the reduced chemical mechanism, such as uncertainty in air and
fuel mass flow measurements, the assumptions of a RANS based turbulence model, assuming
constant wall temperatures, assuming homogenous composition and temperature at IVC, and the
symmetry assumption from using a sector simulation. In general, the agreement in Figure 5.9
demonstrates the ability of the reduced mechanism to predict the combustion behavior
responsible for the observed AHRR curves at two widely different natural gas equivalence ratios,
natural gas substitution percentages, and total fuel mass. In particular, the CSU141 mechanism is
able to capture the observed AHRR curves from a higher reactivity natural gas mixture than the

previous mixture used in the SOl sweeps.
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Figure 5.9. Comparisons of experimental and computational pressure and

apparent heat release rates for the dual fuel load sweep using a constant diesel
injection of 11 mg.

Comparisons between 100 cycle averaged experimental engine data and volume averaged
simulation results for the case with additional propane, D12G22P2, are shown in Figure 5.10(a).
The experimental AHRR curve shows a sudden acceleration in combustion rate occurring just

before peak pressure, which indicates end gas auto-ignition of natural gas. The simulation also
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captures the timing of this spike in AHRR, but the magnitude is somewhat higher leading to
higher peak pressure. Figure 5.10(b) compares experimental pressure from a single cycle and
simulated pressure from a single cell at the same location as the pressure transducer tip. The
single cycle experimental pressure shows fluctuations that can be classified as engine knock. The
single cell simulation pressure shows pressure fluctuations with similar frequency and amplitude
and therefore the simulation has also predicted engine knock. While the expansion pressure
predicted by the simulation is higher than the experimental, the results show that the CSU141

mechanism can be useful in predicting the chemical kinetic processes that cause natural gas auto-

ignition and knocking in dual fuel engines.
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Figure 5.10. (a) 100 cycle averaged experimental pressure and volume averaged
simulation pressure along with AHRR for the propane addition case. (b)

Experimental pressure from a single cycle and simulation pressure at a single cell
with same location as the pressure transducer tip.

5.5. Conclusions

A reduced chemical kinetic mechanism consisting of 141 species and 709 reactions has been

formulated for natural gas/diesel dual fuel combustion whereby n-heptane is used to represent
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diesel fuel and a mixture of methane, ethane, and propane represents natural gas. The final
reduced mechanism is a combination of reduced versions of the detailed n-heptane mechanism
from Curran et al. [38] [39] and the detailed methane through n-pentane mechanism from Healy
et al. [37]. Ignition delay plots for n-heptane showed excellent agreement between thd reduce
CSU141 mechanism and the detailed LLNL mechanism across pressures from 10 to 80 bar,
temperatures frori00 to 1400 K, and equivalence ratios from very lean (¢ = 0.2) to rich (¢ =
2.0). The natural gas chemistry was validated using ignition delay plots for two different natural
gas compositions with varying ethane and propane contents and excellent agreement with the
detailed NUIGIII mechanism was achieved at lean to stoichiometric conditions and pressures
between 10 and 80 bar. However, the detailed mechanisms have only been validated with
experimental data up to 30 bar, and therefore the agreement at 80 bar assumes the rate constants
in the detailed mechanisms are accurate at higher pressure. Additionally, the reduced mechanism
achieved excellent agreement with detailed mechanisms for initial temperature sweeps of
adiabatic HCCI simulations for both n-heptane and two natural gas mixtures. Furthermore, the
CSU141 mechanism was able to replicate experimental laminar flame speeds for lean
CH4/He/O2 mixtures at 40 and 60 atm to within 16% relative error. Finally, the n-heptane
chemistry in the CSU141 mechanism was able to predict the experimental ignition delay and lift-
off length from a reacting diesel spray in a constant volume chamber at engine TDC conditions
to within 14% and 20% error respectively.

Comparisons between natural gas/diesel dual fuel engine experiments and multi-dimensional
CFD simulations showed excellent pressure and AHRR agreement for two start of injection
timing sweeps with different substitution percentages, a natural gas load sweep at fixed diesel

injection, and an engine knocking case using additional propane to increase mixture reactivity.
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The simulations accurately captured the start of combustion timing, the pressure rise rate, the
shape and magnitude of the heat release rate profile, and the combustion duration. In the engine
knocking case, the simulation was able to predict the timing and magnitude of a sudden
acceleration in combustion rate as well as the high frequency pressure oscillations. Some of the
simulations showed a small discrepancy in peak pressure, but this could be due to error sources
other than the chemical kinetics such as uncertainty in air and fuel mass flow rates, the RANS
based turbulence model, assuming homogenous composition and temperature at IVC, and the
assumption of spray symmetry from using sector geometry.

The level of agreement between the engine experiments and simulations validates that the
reduced mechanism can model the important chemical kinetics in natural gas/diesel dual fuel
engines. Agreement in start of combustion phasing and magnitude of the peak in AHRR at
ignition validates the coupling of the diesel ignition chemistry and the spray models. In addition,
the reduced mechanism is able to model diesel non-premixed jet flames as evidenced by the
agreement for two different diesel injection masses between the two SOI sweeps. Furthermore,
the simulations ability to match AHRR during the period of flame propagation for the two
injection timing sweeps and also in the load sweep validates that the natural gas chemistry
coupled with the RANS turbulence model has sufficiently captured flame speed at varying
natural gas equivalence ratio and mixture reactivity. It particular, the reduced mechanism was
able to model varying natural gas reactivity without relying on rate constant tuning. Finally, the
agreement in the propane addition case where engine knock occurred validates that the reduced
mechanism is able to model the important chemical kinetics in natural gas auto-ignition.

Future validation work with natural gas/diesel RCCI engine experiments is necessary to

confirm if the CSU141 mechanism is capable of modeling premixed auto-ignition of large
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reactivity gradients where the diesel/natural gas mixtures can vary from slightly rich to very lean.
In addition, it should be reiterated that the CSU141 mechanism makes the assumption that
heavier than propane hydrocarbons in the natural gas mixture are low enough in concentration
that their effect on ignition delay and flame speed is negligible. Future work is necessary to
develop a reduced dual fuel mechanism that includes the chemical kinetics of heavier
hydrocarbons, such as butane, for dual fuel applications that require operation with a low

methane number natural gas.
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CHAPTER 6:CHARACTERIZING UNCONTROLLED FAST COMBUSTION IN A LIGHT

DUTY NATURAL GAS/DIESEL DUAL FUEL ENGINE

6.1. Introduction

Dual fuel engine manufacturers are in need of a multi-dimensional modeling tool that can
predict combustion behavior over a wide range of substitution rates, loads, and natural gas
compositions. Accordingly, the first objective of this study is to use engine experiments to
validate a multidimensional CFD model coupled with statistical spray models and detailed
chemical kinetics for natural gas/diesel dual fuel combustion across a wide range of substitution
percentages, wherein a non-premixed diesel flame can be present. As previously discussed, the
presence of a non-premixed diesel flame is unlike previous dual fuel CFD models that used
detailed chemistry, as those models were only validated for high substitution percentages where
early pilot injections were used. The second objective is to demonstrate that the CFD model can
predict the pressure and heat release rate under conditions where uncontrolled fast combustion
rates occur and use the modeling results to elucidate the physical phenomena that lead to such
fast combustion rates. This work begins by comparing experimental and computational engine
pressure and heat release rate curves are made for injection timing sweeps at various substitution
percentages. In addition, computations and experiments with increased natural gas reactivity (via
propane addition) are presented. In-cylinder images from the simulations are used to yield new
insight into dual fuel knock behavior.

This work concludes with a purely computational study on dual fuel combustion in a constant
volume chamber for the purpose of understanding interactions between the non-premixed diesel

spray flame and the premixed propagating natural gas flame without the interference of
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combustion chamber walls. Comparisons are made between simulations of a diesel spray into air
and the same spray into two different natural gas air mixtures. Also a comparison is made
between NQ formation rates in diesel and dual fuel combustion.

Dual fuel combustion behavior has unique features that can be discerned from apparent heat
release rate (AHRR) profiles, which need to be defined for subsequent discussion. Ishiyama et al.
[43] presented an experimental dual fuel load sweep using addition of natural gas while keeping
the diesel injection constant and observed that the characteristics of the AHRR profile shange a
more natural gas is added. A generalized illustration of this behavior is depicted in Figure 6.1.
The difference between the pure diesel curve and the dual fuel curves represents the energy
contribution from natural gas. The natural gas delays the start of combustion slightly, increases
the energy released at ignition significantly, and creates a large hump like shapgnéiter. i
As the natural gas is increased, the gradual rise and decline of the AHRR cuelopeeinto a
constant slope followed by a sudden dramatic drop. Figure 6.1 shows that two distinct phases of
combustion are common to all three curves, which are separated by the dashed line and will be
referred to as the first and second combustion phases throughout this study. The first phase is
characterized by the fast rise and local peak in AHRR due to igniton of the spray head. The
shape of the AHRR curve during the remaining portion of the combustion duration can have
different characteristics depending on the amount of natural gas present, but is always associated
with the combination of the non-premixed diesel spray and the premixed propagating natural gas
flame. In traditional diesel combustion this phase is often referred to as the mixing controlled
combustion phase, but this description is not appropriate for dual fuel combustion since a
premixed propagating flame is also present. Therefore this period of the combustion will be

referred to as the second combustion phase in subsequent discussion.
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Figure 6.1.As natural gas is added to a constant diesel injection the AHRR shape
changes. The two phases of dual fuel combustion are defined for subsequent discussion.

6.2. Engine Experiments

The experimental operating conditions are listed in Table 6.1. The nomenclature for referring
to the different operating conditions in Table B.4s follows. Each case name begins with a ‘D’
to designate diesel followed by the mass of diesel injected per cylinder per cycle in units of
milligrams rounded to the nearest whole number. This is followed by the letter ‘G’ to signify
natural gas followed by the mass of port injected natural gas per cylinder per cycle irmmdligr
rounded to the nearest whole number. For the case with propane addition, a ‘P’ is added followed
by mass of propane added per cylinder per cycle. For example, the case with 25.diesglof
and 16.5 mg of natural gas is designated as D25G17. Also the substitution rate was calculated
with lower heating values of 42,500 kJ/kg for diesel fuel [44] and 49,993 kJ/kg for natural gas,
where the latter is calculated based on the heating values of the major species in the measured
natural gas composition.

Start of diesel injection timing was varied at 2200 rpm for two different loads and

substitution rates. As indicated in Table 6.1, one sweep was performed at an IMEP of 15 bar with
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Table 6.1. Experimental engine operating conditions.

Fuel case name D25G17 D12G22 D12G22P2
Injected diesel per cylinder (mg 254 +3 121 +3 11.7+3
Natural gas per cylinder (mg) 16.5 21.8 22.1
,(B\rgg)ed propane per cylinder 0 0 23
Natural gas substitution, z (%) 43.3 67.9 71.9
Engine speed (RPM) 2200 2200 2200
Diesel injection pressure (bar) 700 700 700
Start of injection (°(ATDC) -8.8 -10 -12 -13 -8 -10 -12 -14 -10
Boost pressure (kPa abs) 169.3| 167.9| 166.6 | 167.2] 168.2| 168.5| 164.9| 163.6 163.0
Manifold temperature (°C) 436 | 435 | 435 | 435 | 446 | 446 | 444 | 444 48.2
Air mass per cylinder (mg) 750.4| 742.8| 740.2| 740.2| 739.8 | 731.3| 699.3| 692.2 685.3
Net IMEP (bar) 150 | 151 | 156 | 156 | 109 | 10.7 | 10.6 10.7 11.7
Natural gas equivalence ratio | 0.357| 0.361| 0.362 | 0.362| 0.479| 0.485| 0.507 | 0.512 0.600
Total equivalence ratio 0.845| 0.853| 0.856 | 0.856| 0.712| 0.724| 0.757| 0.765 0.824

a moderate substitution rate of 43% and the other timing sweep was performed at an IMEP of 11
bar with a high substitution rate of 68%. Timing was advanced until the maximum cylinder
pressure of 140 bar was reached. Start of diesel injection timing was varied at 2200 rpm for two
different loads and substitution rates. As indicated in Table 6.1, one sweep was performed at an
IMEP of 15 bar with a moderate substitution rate of 43% and the other timing sweep was
performed at an IMEP of 11 bar with a high substitution rate of 68%. Timing was advanced until
the maximum cylinder pressure of 140 bar was reached. The D12G22 case had the lowest
injected diesel mass that could give consistent combustion phasing. The mass of port injected
natural gas in the D12G22 case was the maximum amount that could be achieved using the
experimental setup presented herein and is due to restricting the injection of natural gas to the
intake valve open period and the maximum natural gas injection pressure. Additionally, a high
reactivity case was explored by adding 2.3 mg of propane to the D12G22 case withan SOI

10° ATDC.
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6.3. Computational Method

The computational method in this work follows the methods and models discussed in
Chapter 2. However, there are some key differences that need to be mentioned. Firstly, this work
used a preliminary dual fuel reduced mechanism rather than the CSU141 mechanism discussed
in CHAPTER 5:. This mechanism was specifically reduced for the natural gas composition used
in these experiments and for rich ignition of sprays. Secondly, at the time of this work, the
injector rate shapes and durations had not been experimentally measured. However, Perini et al.
[45] used the same seven hole Bosch CRIP 2 injector and published rate of injection profiles and
injection durations over a range of injection pressures. However, the rate shapes from Perini et
al. were for a constant injected mass of 8.8 mg, which is different than the mass used in the
experiments herein. Accordingly, the rate shapes used for this study were taken from Perini et al.
and scaled to different injection durations to account for different amounts of injected fuel. With
the injected mass known from mass flow meters and a rate shape determined from literature, the
injection duration was varied until the peak injection pressure calculated by CONVERGE™ was
close to the experimentally measured rail pressure. Finally, tuning of the injected fuel mass
within experimental uncertainty was used to provide the best match of pressure rise during

ignition.

6.3.1. C3U86 Reduced Mechanism

A reduced chemical kinetic mechanism was constructed for simulating diesel/natural gas
dual fuel combustion to allow for reasonable compute times with &-cioiensional CFD code.
As discussed previously, this reduced mechanism uses n-heptane as a fuel surrogate for diesel

fuel and methane, ethane, and propane mixtures for natural gas. The present mechanism
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combines reduced versions of the detailed methane through n-pentane mechanism (293 species,
1588 reactions) from Healy et al. [37], hereafter referred to as the NUIG Ill mechanism, and the
88 species skeletal n-heptane mechanism from Yoo et al. [46], hereafter referred to as the
UCONNS88 mechanism. The UCONN88 mechanism was previously reduced from the fully
detailed n-heptane mechanism from Curran et al. [38] [39] at Lawrence Livermore National
Laboratories (LLNL) with 561 species and 2539 reactions.

To develop the reduced mechanism, the direct relation graph with error propagation and
sensitivity analysis (DRGEPSA) method [21] was first used to reduce the NUIG Ill mechanism
based on ignition delay of a simulated natural gas mixture with air as described in Table 6.2. The
reduced version resulted in a 47 species skeletal mechanism for methane, ethane, and propane
mixtures. Next, DRGEPSA at the same conditions was used to reduce the UCONNS88 n-heptane
mechanism to a 68 species mechanism, which was then combined with the previous 47 species
natural gas mechanism. Any duplicate reactions between the two DRGEPSA reduced
mechanisms were given the rate constant values from the NUIG Il mechanism in order to ensure
that natural gas auto-ignition was well represented. The final combined mechanism (known
hereafter as the CSU86 mechanism) resulted in an 86 species, 393 reactions reduced chemical
kinetic mechanism for mixtures of methane, ethane, propane, and n-heptane, which can be used
in simulations of diesel and natural gas dual fuel applications. Co-oxidation reactions between
the n-heptane and the natural gas constituents were not included in the final mechanism, because
the assumption was made that n-heptane will first break down into smaller lower carbon species
within the interior of the spray for which co-oxidation reactions are included.

For validation, the n-heptane chemistry in the CSU86 mechanism was compared against

ignition delay sweeps of the detailed LLNL n-heptane mechanism, while the natural gas
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Table 6.2. Conditions used for reducing the base mechanisms using DRGEPSA.

UCONN88 NUIG Il
Target species n-C7H16 CH4, C2H6, C3HS8
Fuel composition (mole frac. Xnc7uie= 1.0 Xcha = 0.85, Xeone= 0.1, Xc3us = 0.05
Temperature (K) 800, 900, 1000, 1100, 120 800, 900, 1000, 1100, 1200
Pressure (bar) 20, 40, 60, 80 20, 30, 40, 50, 60, 70, 80
Equivaknce ratio, ¢ 0.5,1.0,15 0.2,0.4,06,0.8,1.0,1.2,14
Ignition delay error tolerance 0.3 0.1
Sensitivity analysis fraction 0.5 0.5

chemistry was compared against the detailed NUIG Il mechanism. The ignition delays
comparisons were performed using adiabatic constant volume simulations using CHEMKIN® as
the solver. The natural gas composition was chosen to be the same as that shown in Table 2. The
ignition delay period was defined by a 400 K increase in temperature, because this is the
definition built into the DRGEPSA algorithm employed in CONVERGE™. The 400 K increase

was compared with maximum temperature derivative for some of the cases and good agreement
between the two definitions was observed.

Natural gas mixtures in dual fuel engines kept lean and Figure 6.2(a) shows that the
natural gas ignition delay periods predicted by the CSU86 mechanism agrees well with that
predicted by the detailed NUIG 1l mechanism for lean mixtures at engine TDC pressures (40 to
80 bar) and temperatures (900 to 1100 K). At stoichiometric conditions the ignition delay periods
predicted by the CSU86 mechanism also compare well with the detailed mechanism, but the
CSU86 yields somewhat shorter ignition delay periods for the highest pressures as seen in Figure
6.2(b). The difference in predicted ignition delay period between CSU86 and the detailed NUIG
[l mechanism forp = 1.0 at 1000 K and 80 bar is less than 0.5 ms or less than 6 crank angle
degrees at 2000 rpm. For lean premixed natural gas/air mixtures, the CSU86 mechanism is

sufficiently accurate to reproduce the onset of auto-ignition to within a few crank angle degrees.
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Figure 6.2. Natural gas/air ignition delay comparisons between the reduced
CSU86 mechanism and the detailed NUIG Ill mechanism (Healy et al. 2010) for
(a) lean ¢ = 0.2 mixtures and (b) stoichiometric mixtures.

The plots in Figure 6.3 show that the n-heptane chemistry in the CSU86 mechanism agrees
well with the detailed LLNL mechanism at stoichiometric to rich conditions and at pressures and
temperatures expected at TDC in a diesel Cl engine. However, the CSU86 mechanism does
predict longer ignition delay periods at temperatures lower than 900 K. Also, for very lean
mixtures ¢ = 0.2) at all pressures the CSU86 mechanism significantly over predicts the ignition
delay periods. Because diesel ignition has been shown by Dec [47] to begin as rich premixed
combustion ¢ = 2 to 4) and because the compressed gas temperatures at TDC are typically
greater than 900 K, the CSU86 mechanism should be sufficiently accurate to reproduce the
ignition delay observed for a reacting spray. At very lean mixtures, the CSU86 significantly over
predicts the ignition delay period. Therefore, this reduced mechanism should not be used for lean
premixed diesel combustion such as in homogeneous charge compression ignition (HCCI)

engines.
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Figure 6.3. n-heptane/air ignition delay plots comparing the CSU86 reduced
mechanism with the detailed LLNL mechanism (Curran et al. 1998, 2002) for (a)
very lean ¢ = 0.2, (b) lean ¢ = 0.5, (¢) stoichiometric, and (d) rich mixtures.
6.4.Results

6.4.1. D25G17 SOI Timing Sweep

The experimental in-cylinder pressure and apparent heat release rates for the D25G17 SOI
sweep are shown in Figure 6.4(a). As injection timing is advanced the pressure curves become
more triangular in shape, the pressure rise rate increases, the combustion duration gets shorter,
and the peak pressure increases. The maximum AHRR during the spray ignition phase increases
in magnitude as the timing is advanced, which is likely due to a longer ignition delay period
associated with a lower charge temperature at earlier injection timings. A longer ignition delay

will allow for more mass to be injected prior to ignition and a consequential more massive
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premixed spray head undergoing ignition reactions. The initial rising slope in AHRR during the
second combustion phase is nearly constant for all injection timings. However, for the earlier
injection timing cases, the initial rising slope in AHRR is maintained for a longer duration until a
maximum is reached and then a sharp drop in AHRR is observed. In contrast, the later injection

timings have a AHRR profile that rises, decelerates, and falls off gradually.
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Figure 6.4. (a) Experimental results for the D25G17 injection timing sweep. (b)
Comparisons between experiment and simulation for the earliest and latest
injection timings in the D25G17 SOI sweep.

Comparisons between the model and the experimental data for the earliest and latest injection
timings are shown in Figure 6.4(b). The simulations took approximately 15 hours each using 8
cores. The model was able to predict the start of combustion timing to within one crank angle
degree, the peak pressure to within 3 bar, the location of peak pressure to within one crank angle
degree, and the initial pressure rise rate to within 2 bar/deg. The model also captures the
gualitative changes in the shape of the heat release rate profile as injection timing is changed.

However, the model over predicts the peak heat release rate during the spray ignition phase. The

inability of the model to reproduce the peak AHRR during the spray ignition is likely to be a
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result of the following sources of error: 1) not having measured the rate shape, 2) not having
measured the injection duration, and 3) using a single species diesel surrogate. In the -8.8° SOI
case, the model predicts a much steeper drop in AHRR than the more gradual decrease observed
experimentally. This discrepancy could be a consequence of the reduced chemical kinetic
mechanism’s inability to reproduce turbulent flame speeds in comparison with the detailed
mechanism. Overall, the model has captured the general trends in pressure and AHRR behavior
for various injection timings. The model predictions are particularly noteworthy given the fact
that no tuning of model constants was needed between different injection timing cases. The only
changes made between these cases besides injection timing included small variations in manifold
pressure and temperature, and the air mass flow rate as these parameters varied slightly in the
experiments as injection timing was advanced.

In-cylinder temperature plots of the -13° SOI simulation in the plane of the spray axis are
shown in Figure 6.5. From the temperature plots it can be seen that the ignition of the spray in
dual fuel combustion is similar to traditional diesel spray ignition, where a premixed ignition
reaction zone is observed around the periphery of the spray plume. The total equivalence ratio,
o7, In this region was found to be approximately 2, which agrees with the experiments of Dec
(1997) that reported equivalence ratios between 2 and 4 within the premixed spray ignition
region. The premixed ignition grows around the spray and transitions into a non-premixed flame
by approximately -1° ATDC as shown in Figure 6.5(c). The non-premixed spray flame then
initiates a premixed propagating natural gas flame as seen by the growth of the greghicinea
indicates a flame temperature of approximately 2000 K. The images between 0° and 7° ATDC

also show that the natural gas flame propagates into the center of the combustion bowl much
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faster than it travels into the squish region, which is due to the higher rate of heat lass in th

squish region from the walls being in close proximity to the flame.
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Figure 6.5. Time development of temperature in the plane of the spray axis for the
D25G17, -13° ATDC SOl case. Time proceeds sequentially from (a) to (i).

A complete representation of the combustion phenomena occurring in the cylinder during the
pressure rise period can be found when the natural gas flame has traveled far from the diesel jet
flame, but has not reached the walls, which occurs at approximately 4° ATDC in Figure 6.5(f).
Accordingly, this crank angle was chosen to investigate species mass fractions and local heat
release rates, as shown in Figure 6.6. The local HRR image in Figure 6.6(a) clearly shows the
location of both the non-premixed diesel spray flame and propagating premixed natural gas
flame as thin HRR surfaces. Figure 6.6(b) shows the vapor boundary of the injected n-heptane
fuel, in which the red region indicates a mass fraction greater than 1%. It is evident from this

figure that the fuel vapor has penetrated to the bowl rim at this crank angle.
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Figure 6.6.In-cylinder HRR and species mass fraction in the plane of the spray
axis at 4° ATDC for the D25G17, -13° ATDC SOl case. (a) Local HRR, (b) n-
heptane, (c) methane, (d) oxygen, (e) carbon dioxide, (f) water, (g) hydroxyl
radical, (h) hydroperoxyl radical, (i) formaldehyde, (j) nitric oxide, (k) acetylene,
and (I) carbon monoxide.

The methane plot in Figure 6.6(c) shows the edge of the premixed flame and the depletion of
methane behind the flame as indicated by the blue region. The figure also shows that methane
exists in the interior of the spray as indicated by the green and yellow regions in the interior of
the spray. The model suggests that the presence of methane inside the spray is due to both

thermal decomposition of n-heptane, which produces methane, and entrainment of natural gas

from the viscous action of the spray near the nozzle.
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The oxygen mass fraction plot in Figure 6.6(d) shows that oxygen is consumed by the
propagating natural gas flame as indicated by the green region, but the oxygen is netetpmpl
consumed because the natural gas/air mixture is lean. Therefore, the diesel non-premixed flame
in a dual fuel combustion engine reacts with a lower oxygen content mixture compared to a
conventional diesel jet flame in air. In the near nozzle region the presence of oxygen flowing in
the spray direction is visible, which indicates that the viscous action of the spray is entraining
oxygen. This oxygen must then react with fuel to form intermediates, because further down the
spray axis there is no discernable oxygen. This would support the formation of formaldehyde
(CH,0) downstream of the nozzle in Figure 6.6(i).

Figure 6.6(e) and Figure 6.6(f) show that the spray flame produces greater mass fractions of
CO, and HO in comparison to the natural gas flame, which is to be expected because the non-
premixed n-heptane flame burns at a stoichiometric ratio and will therefore produce a greater
mass of products. It is for this same reason that the OH radical mass fractions are higher in the
non-premixed flame compared to the premixed natural gas flame as shown in Figure 6.6(Q).
However, the HQ radical mass fraction is much higher in the preheat zone upstream of the
natural gas flame in comparison to the non-premixed n-heptane flame as shown in Figure 6.6(h).
Another interesting point is that significant amounts of,}d@d CHO are being produced in the
unburned gas in the bowl region far upstream of the natural gas flame. This result is indicative of
auto-ignition reactions beginning in the end gas.

The mass fraction of NO is shown in Figure 6.6(j), where it can be seen to be greatest at the
non-premixed flame surface of the n-heptane spray. Comparing with Fig(fie & locations
of high NO production are also the locations of highest temperature, which is to be expected

since the extended Zeldovich mechanism only accounts for thermal NO production. Very little
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NO is formed by the premixed natural gas flame as lean premixed combustion generates lower
temperatures. Additional work that includes otherxN@mation pathways, such as prompt NO

and the NO route [48], is needed to construct a more complete picture gffdi®ation in dual

fuel engines.

While this work did not include detailed soot formation and oxidation mechanisms, acetylene
(CzHy) is a known soot precursor specjé8] that can be used to qualitatively indicate possible
soot formation locations in dual fuel combustion. From Figure 6.6, @rmation begins in
the interior of the spray and becomes most highly concentrated after impacting the bow! rim and
traveling into the bottom of the bowl region or up into the squish region. The rich gas mixtures in
these regions have slower velocities compared to the interior of the jet and they are nearer to the
high temperature non-premixed flame surfaces. As such, these rich mixtures have a longer
residence time at high temperature, which typically promote soot formation. There is no
observable ¢H, where the premixed natural gas flame is propagating due to lean combustion.

The mass fraction of CO is shown in Figure 6.6(l), where it can be seen that CO is formed in
the same rich hot regions whergHz is formed. This CO can be oxidized later in the expansion
stroke, but the model was not carried out to these timings. There is a small amount of CO formed
by the lean premixed natural gas flame, but this CO is quickly oxidized tdbZ@e left over

oxygen.

6.4.2. D12G22 Ol Swveep
The experimental pressure and AHRR data for the D12G22 timing sweep are shown in
Figure 6.7(a). The simulations took approximately 8 hours each using 16 cores. Similar to the

D25G17 cases, as the injection timing is advanced the pressure curve becomes more triangular,
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the pressure rise rate increases, the peak pressure increases, the peak heat releasagates incre
during both the premixed spray ignition and the second combustion phase, and the combustion
duration decreases. For the advanced injection timing cases (-12° and -14° ATDC), the AHRR
during the second combustion phase increased at a constant rate and then experienced a rapid

drop in AHRR. The later SOI cases had a more gradual decrease in AHRR.
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Figure 6.7. (a) Experimental pressure and AHRR data for the D12G22 SOI timing
sweep. (b) Comparison of simulations with experiments for the -10° and -14°
ATDC SOl timings.

-20 -10

The earliest and latest injection timing cases were selected for modeling and the simulation
results are compared with experimental results in Figure 6.7(b). The simulations were able to
capture the start of combustion timing to within 1 crank angle degree, the peak pressure to within
3 bar, the location of peak pressure to within 1 crank angle, the initial pressure rise rate to within
1 bar/deg, and the shape of the heat release rate curve as the injection timiciganged.

Unlike the D25G17 cases, the peak AHRR during the ignition phase of combustion is well
captured for these cases. One possible reason for the better agreement with the ignition phase
could be that the rate shape used from Perini et al. [45] might be a more accurate representation

of the true rate shape in the D12G22 case than in the D25G17 case. This is supported by the fact
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that both the D12G22 and D25G17 cases used the same rate shape, but the D12G22 case had an
injected mass of 12 mg, which is closer to the 8.8 mg used for the rate shape measurements from
Perini et al. compared to the much larger 25 mg in the D25G17 cases. Additionally, the phasing
for the rapid decrease in AHRR during the second combustion phase in the D12G22 cases
exhibits better agreement with experiments than in the D25G17 cases from Figure 6.4(b). The
rapid drop in AHRR during the second phase of combustion develops as the injection timing is
advanced and since this trend was well captured by the D12G22 simulations, in-cylinder plots
can be used to elucidate the differences in combustion behavior as injection timing is advanced.
To compare the differences in combustion behavior between the -10° and -14° SOI cases, it
is useful to shift the crank angle data from degrees ATDC to degrees after start of combustion
(ASOCQC), as this allows differences in the flame propagation speed to be more readily compared.
This crank angle shift of the data from Figure 6.7(b) is shown in Figure 6.8, where it can be seen
that the AHRR profiles begin at the same crank angle ASOC. Also shown in Figure 6.8 are the
respective cylinder volumes, which have also been shifted to degrees ASOC. The vertical dashed
lines denote respectively the beginning of the second combustion phase and the crank angle at
which the AHRR peaks. For these two cases, the crank angle where the AHRR begins to fall was
approximately equal at 11.5° ASOC. During the period where AHRR is increasing, the change in
volume for the more advanced injection timing is less than half the volume change for the later
injection timing. Therefore, the flame propagation in the advanced injection timing case occurs
during a smaller increase in cylinder volume and therefore experiences less expansion cooling.
Comparisons of in-cylinder temperature in the plane of the spray axis for the two injection
timings are shown in Figure 6.9 on a crank angle ASOC basis starting from the beginning of the

second combustion phase, where it can be seen that the combustion zones are nearly identical in
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shape and size. Similar to the D25G17 cases a non-premixed diesel flame initiates a propagating
natural gas flame. However, the injection duration is much shorter in the D12G22 cases and as a
result the non-premixed diesel flame is not maintained for as long. By 11.5° ASOC in Figure
6.9(b), the premixed natural gas flame in the advanced injection timing case has propagated a
further distance in the same amount of time after start of combustion, which means the flame
speed is faster for the advanced injection timing. One explanation for the faster flame speed is
that the unburned gas temperature is higher due to the advanced injection timing having a
smaller increase in volume and less expansion cooling. The faster flame speed for the advanced
injection timing is also responsible for the steeper positive slope in the AHRR profile seen in
Figure 6.8.

Additionally, the fall in AHRR begins at approximately 11.5° ASOC and Figure 6.9(b)
shows that the flame surface has nearly reached the bowl walls for the -14° SOI caseg meanin
most of the natural gas in the bowl region has been consumed at this point. Figure 6.9(c) shows
the burned and unburned zones at 15° ASOC, which is after the rapid fall in AHRR for the

advanced -14° SOI case. All of the natural gas in the bowl region has been consumed by 15°
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Figure 6.9. Comparison of temperature development in the plane of the spray axis

for two different injection timings for the D12G22 SOI sweep, in which the

comparisons are made at degrees ASOC rather than degrees ATDC.
ASOC in the advanced injection case, while in the retarded injection case the flame has not
reached the bowl walls. The images from Figure 6.9(b) and Figure 6.9(c) suggest that the sharp
decrease in AHRR for the early injection timing case coincides with a sudden change in
available natural gas due to consumption of all the natural gas in the bowl. In contrast, the later
injection timing case has a natural gas flame that decelerates due to greater expansion cooling
and therefore does not experience a sudden drop in AHRR.

The decelerating flame speed for the late injection timing can ultimately result in flame

guenching, which can leave a portion of the natural gas mass unburned. Increases in methane
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emissions with retarded injection timing have been observed experimentally by Abd Alla et al.
[49] and Ishiyama et al. [43]. A comparison of methane mass fraction between the two injection
timings at 19° ASOC is shown in Figure 6.10, which clearly indicates that the later injection case
has greater amounts of unburned methane late in the combustion duration because the flame
speed has slowed considerably. If the SOI is overly retarded, then expansion cooling will
eventually extinguish the natural gas flame before it can reach the bowl walls resulting in
increased unburned natural gas emissions along with BSFC penalties. The model also shows that
even with early injection timing the heat transfer cooling in the squish region reduces the flame

propagation rate and could lead to flame quenching.

SOI =-14 °ATDC SOl =-10 °ATDC
Crank Angle = 19.06 °ASOC | Crank /Xlgle =19.04 °ASOC
= ) . ' 4 )

Figure 6.10. Comparison of methane mass fraction at the end of the combustion

duration for two different injection timings in the D12G22 SOI sweep. Note that

the crank angle refers to degrees ASOC rather than ATDC.
6.4.3. Heat Release Rate Contribution from Fuel Components

As discussed above, the AHRR profile has contributions from both fuels during both the first

and second combustion phases. The relative contribution of the premixed natural gas combustion
can be quantified by comparing a dual fuel simulation to one where the natural gas has been
made non-reactive, while keeping the diesel spray constant. Such a simulation was performed for
the D12G22, -14° SOI case by replacing the natural gas mass with a non-reactive pseudo species

with the same thermodynamic properties as methane, but which is not present in any of the

reactions. This procedure ensured that the trapped mass, temperature, and pressure at start of
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injection were exactly the same as that in the dual fuel simulation. By comparing the difference
in AHRR profiles between the dual fuel case and the diesel-only case, the energy contribution
from natural gas can be deduced.

The predicted pressure and AHRR for both cases are presented in Figure 6.11 along with the
experimental data. The most apparent difference is that the natural gas contributes a substantial
portion of the heat release during both the first and the second combustion phases. The diesel-
only case does not exhibit a sudden drop in AHRR during the second phase of combustion as
seen in the dual fuel case, which provides further evidence that the rise and sudden fall in AHRR
for the dual fuel case is due to the consumption of natural gas in the bowl region as discussed
previously. Additionally Figure 6.11 shows that the maximum AHRR during the spray ignition
phase is substantially lower when the natural gas is made inert. This difference is due to the rapid
burning of natural gas that has mixed with the diesel vapor during spray breakup and
vaporization, which increases the pressure rise rate at ignition. Furthermore, the start of
combustion timing for the diesel-only case is slightly earlier compared to the dual fuel case,
which demonstrates that the presence of natural gas within the diesel spray slows down the
ignition reactions. Karim et al. [6] has reported that dual fuel engine experiments have shown
longer ignition delay in comparison to conventional diesel combustion. Since the oxygen
concentration is the same in both cases, the results of Figure 6.11 suggest that the longer ignition

delay is due to the chemical kinetic effects of methane rather than the displacement of oxygen.

6.4.4. Propane Addition and Uncontrolled Combustion Rates

Figure 6.12(a) shows 100-cycle averaged experimental pressure and AHRR for the

D12G22P2 case with a -10° ATDC SOI timing as well as the volume averaged simulation
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Figure 6.11 Comparison between the D12G22, -14° ATDC SOI simulation and

the same simulation when the initial natural gas mass has been replaced with an

inert with the same thermodynamic properties as methane.
results. Experimental pressure data from a single cycle is shown in Figure 6.12(b), which has
been zoomed in near the peak pressure where high frequency pressure oscillations were
observed. Also shown in Figure 6.12(b) is the simulated pressure from a single cell at the same
location as the transducer tip in the engine. Unlike the volume averaged pressure, this single
point recorder is capable of indicating the presence of pressure waves in the simulation.

To reduce damping of waves in the simulation, between 5° and 15° ATDC the multi-grid
pressure solver was turned off and the CFL Mach number was reduced to 2. Figure 6.12(c)
shows a comparison of the experimental and simulated instantaneous slope of the pressure or
pressure rise rate. The frequencies of the pressure oscillations are compared in Figure 6.12(d),
which were calculated using the time difference between successive peaks in the pressure data.

From the 100-cycle averaged experimental curves in Figure 6.12(a), the second combustion
phase in the propane addition case begins with a steady increasing slope, but then experiences a
sudden acceleration and large spike followed by a dramatic drop. The rapid spike in AHRR is

accompanied by a sudden increase in pressure rise rate as demonstrated in the pressure rise rate
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Figure 6.12. (a) Experimental and simulation results for the propane addition,
D12G22P2 -10° ATDC SOl case. (b) A zoomed in plot comparing the single
cycle experimental and single cell simulated pressure oscillations caused by the
uncontrolled fast combustion. (c) Comparison of pressure rise rate. (d)
Frequencies of the pressure oscillations.
plot of Figure 6.12(c). The sudden increase in pressure rise rate is then followed by high
frequency, high magnitude pressure oscillations as seen in Figurfh)6.TBese pressure
oscillations can be classified as engine knock.

As shown in Figure @2(a), the volume averaged pressure and AHRR for the simulation

exhibit good agreement in terms of start of combustion, pressure rise rate, peak pressure, location
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of peak pressure, and the timing and magnitude of the AHRR spike during the uncontrolled fast
combustion event. Figure 6.12(c) shows that the pressure rise rate is especially well captured
throughout the combustion event. The single cell simulation pressure in Figure 6.12(b) shows
fluctuations with a slightly higher frequency and lower amplitude than observed in the
experimental single cycle pressure. The simulated pressure waves also damp out at a faster rate.
A more direct comparison of the frequencies is shown in Figure 6.12(d) where the simulated
frequency is somewhat higher than the experimental. The average experimental frequency and
peak to peak amplitude was found to be 15 + 4 kHz and 10 + 2 bar respectively, while the
average simulated frequency and amplitude was found to be 26 £+ 6 kHz and 6 + 2 bar
respectively. This agreement could be improved with a higher resolution crank encoder, because
the 0.25 crank angle degree sampling rate is only able to capture 3 to 4 points per period of
oscillation. Additionally, error in the simulations arises from not being able to use AMR based
on pressure gradients and so there was no way to refine the grid as pressure waves moved into
coarser grid regions.

Because the sudden acceleration in AHRR was well captured by the simulation, in-cylinder
plots of temperature, species mass fraction, and local heat release rate can elucidate the cause of
this uncontrolled combustion rate. Figure 6.13(a) through (f) are three dimensional images of the
engine sector showing the development of a 2000 K iso-surface, which is indicative of the
boundary between unburned and burned regions. Figure 6.13(a) shows the region where ignition
of the diesel spray occurs. Due to the swirl motion this ignition region is not symmetric around
the spray axis. At 1° ATDC in Figure 6.13(b) the combustion zone has enveloped the spray axis
and the non-premixed diesel spray flame has been established. A portion of the temperature iso-

surface has crossed the periodic boundary and therefore represents the combustion zone from the
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Figure 6.13. Development of a 2000 K temperature iso-surface with a local HRR
clip plane showing three flames in the bottom of the bowl region for the
D12G22P2 -10° ATDC SOl propane addition case.
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adjacent diesel spray moving into the sector. By 3° ATDC in Figure 6.13(c), the combustion
zone has grown outward from the spray axis and also into the squish region, which is a
consequence of the propagating natural gas flame. The premixed flame from the adjacent spray
has merged with the flame from this sector, creating a single premixed propagating flame surface
with a cusp like crease between them. The natural gas flame continues to grow in Figure 6.13(d)
and Figure 6.13(e) with the merged natural gas flame moving into the bottom of the bowl. After
impacting the bowl rim, the non-premixed diesel flame moves downward along the far wall of
the bowl. In the 6.5° ATDC images of Figurd&e) and Figure 6.13(f), a planar cross section

plot of local heat release rate has been added showing the location of the reaction zones in the
bottom of the bowl in relation to the temperature iso-surface. The 2000 K iso-surface has been
removed in Figure 6.13(f) for clarity, which depicts three flames moving towards each other. The
flame along the bowl wall is the non-premixed diesel flame and the other two are the premixed
natural gas flames originating from adjacent spray axes. All three are expanding in size as the
travel into the bottom of the bowl.

The growth of these three flame zones during the uncontrolled fast combustion event are
shown in terms of local heat release rate in Figure 6.14. As the flames move toward each other in
Figure 6.14(a) and (b), volumetric heat release begins to occur throughout the volume of gas in
front of and between the natural gas flames, which are about to merge. It should be noted
volumetric heat release does not occur near the walls of the bowl due to heat transfer. A quarter
of adegree later in Figure 6.14(c) the rate of heat release throughout the volume in fhent of
merging natural gas flames has increased considerably. This sudden enlargement of the reaction
zone indicates the presence of volumetric auto-ignition reactions. This volumetric heat release

occurs at 8.50° ATDC, which is the same timing as the peak in AHRR from the simulation. In
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less than a quarter of a crank angle later in Figure 6.14(d), this volume is no longer producing

heat and the flames have traveled to the walls where they are slowed down by heat transfer.
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Figure 6.14. Plots of local heat release rate in the bowl region during the
uncontrolled fast combustion event for the D12G22P2 propane addition case.

Figure 6.15 showm-cylinder pressure during the peak in AHRR, where high pressure can be
seen originating from the same location where auto-ignition occurred. This source of higher
pressure leads to pressure waves traveling throughout the cylinder. Therefore, the simulation has
shown that the uncontrolled combustion rate is due toigatoen of natural gas in front of the
merging natural gas flames originating from adjacent diesel sprays, which consequently creates

pressure waves that travel across the chamber.
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Figure 6.15 Pressure clip plane during the peak of the uncontrolled fast
combustion event in the propane addition case showing a high pressure wave
propagating outward from the location of auto-ignition.
The resulting dual fuel knock phenomena predicted by this simulation is qualitatively similar
to the end gas auto-ignition type knocking that occurs in an Sl engine. However, the mechanism
and location for the onset of knock in the dual fuel conditions investigated herein are different
from that of the Sl engine. In an S| engine, compression heating of a volume of unburned gas
between a single spherically expanding flame and the chamber walls leads. In contrast, a dual
fuel engine has two natural gas flames from adjacent diesel sprays that are merging together and
forming a pocket of unburned natural gas along the crease between them that is located far from
the walls. Consequently, this pocket of unburned gas experiences less heat transfer than gas
nearer to the walls and will undergo auto-ignition first. Additionally, the location of auto-ignition
in an Sl engine can vary from cycle to cycle due to the symmetry of a single sibherica
expanding flame, while the auto-ignition location in a dual fuel engine as identified in this
simulation is confined between spray axes. Therefore, this simulation suggests that the auto-

ignition locations for a dual fuel engine should not vary from cycle to cycle.
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The AHRR diagram in Figure 6.16 presents a generalized explanation for dual fuel
combustion undergoing uncontrolled fast combustion by separating the combustion duration into
four characteristic parts as indicated by the dashed lines. The first phase of dual fuel combustion
is identical to the first phase from Figure 6.1 and consists of premixed auto-ignition of the diesel
spray head as well as any natural gas entrained within or in the immediate vicinity of the diesel
spray head. The second phase of dual fuel combustion in Figure 6.16 is characterized by the
increasing ramp in the AHRR curve, where the diesel fuel burns as a non-premixed spray flame
and the natural gas burns as a thin premixed propagating flame. The third phase is characterized
by a sudden uncontrolled spike in AHRR, which creates high frequency pressure waves that can
be identified as engine knocking. After the fast combustion event, all the natural gas in the bowl
region has been consumed and consequently there is a sudden reduction in available unburned
natural gas as well as global heat release rate. This sudden drop in combustion rate marks the
separation between the third and fourth phases in Figure 6.16 and is a consequence of the piston
geometry. The fourth and final combustion phase in Figure 6.16 is characterized by a slow
tailing off of the combustion rate and is due to the premixed natural gas flame slowly
propagating into the squish region as well as any remaining diesel fuel burning. It should be
noted that the observations described herein are for a specific engine at a single engine speed and
a relatively high boost pressure. Further work is needed to investigate how the behaviors
responsible for uncontrolled fast combustion or engine knock in dual fuel engines can change

with engine speed, swirl ratio, boost pressure, bore size, piston geometry, and compression ratio.
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Figure 6.16. Diagram of the AHRR curve for dual fuel combustion when an

uncontrolled fast combustion event occurs showing the different combustion

phases.
6.5. Constant Volume Chamber Simulations

To better understand the interactions between the non-premixed spray flame and the

premixed natural gas flame occurring in dual fuel combustion without the interference from
engine geometry and volume expansion, simulations were performed for a single n-heptane
spray in a large constant volume chamber containing a mixture of natural gas and air. These
simulations inform the development of a simplified conceptual model for dual fuel combustion.
For these constant volume simulations, the spray remained constant while the natural gas
equivalence ratio was varied from 0 to 0.5 to 0.8. Spray parameters such as nozzle geometry, rate
of injection, injection duration, and injected mass were chosen to be the same as the 500 bar
injection pressure Spray A case from the ECN, except that the evaporated species n-dodecane
was replaced by n-heptane so that the CSU86 combustion chemistry could be used. The 500 bar
injection pressure case was chosen because the engine experiments used a relatively low

injection pressure of 700 bar. The velocity and turbulence fields were initialized as zero at all
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locations in the chamber. A complete list of the simulation inputs is provided in Table 6.3. The

simulations were run for 2 ms.

Table 6.3. Spray parameters and ambient conditions for constant volume chamber

simulations.
Liquid fuel properties “DIESEL2”
Vaporized fuel species n-heptane
Injected mass (mQ) 7.8
Injection duration (ms) 5.65
Injection pressure (bar) 500
Orifice diameter (um) 0.84
Discharge coefficient 0.86
Ambient temperature (K) 1000
Ambient pressure (bar) 76
Ambient density (kg/r) 25.8, 25.3, 24.8
Natural gas equivalence ratio 0,05,1.0

Figure 6.17 shows the time evolution of the temperature for the three natural gas equivalence
ratio cases. The boundary of the non-premixed flame can be identified by where the highest
temperatures (red) meet the lower temperature interior of the spray (green). The reaction zone for
the premixed natural gas flame is located outside of the non-premixed flame where moderate
temperatures (green fgr = 0.5 and orange fap = 0.8) meet the low ambient temperatures
(blue). The pure air case € 0.0) has the shortest ignition delay while the case with the greatest
amount of natural gag & 0.8) has the longest ignition delay. Even thoughythed.8 case has a
longer ignition delay it is able to quickly surpass ¢he 0.5 case in terms of flame propagation,
which is evident in the much larger burned zone at 1.74 millisecondsy ¥h@.5 case shows
that the premixed natural gas flame propagation is much slower than=tlie8 case and it is
only able to propagate from the back end of the spray plume. in+h@.8 case, the premixed
natural gas flame speed is high enough that it propagates ahead of the spray plume head as see

in the images for 1 millisecond and later.
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Figure 6.17. Time evolution of temperature for three different natural gas
equivalence ratios for an n-heptane spray into a constant volume chamber at
typical TDC temperature and pressure. Time proceeds sequentially from (a) to (f).

Figure 6.18 shows the local heat release rate and various species mass fractions at 1.49
milliseconds when the non-premixed has been fully established and the premixed natural gas
flame has traveled a noticeable distance from the spray. The local heat release rateguiot in Fi
6.18(a) shows the location of the reaction zones, which clearly indicate the location of both the
premixed natural gas flame and non-premixed n-heptane flame. Figure 6.18(a) also shows there
is a narrow reaction zone in the upstream region of the jet near the nozzle for all three cases.
Comparison with the temperature plot in Figure 6.18(e) shows that the local temperature is much
lower for this reaction zone, which implies that this heat release is caused by the low temperature

chemistry of n-heptane. This near nozzle low temperature heat release is in agreement with the

experimenthobservations made by Dec [47] for diesel spray combustion.
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Figure 6.18 Heat release rate and mass fraction plots of various species at 1.49
ms (a) Local HRR. (b) Oxygen. (c) Methane. (d) Carbon dioxide. (e) Carbon
monoxide. (f) Acetylene. (g) Formaldehydi) Hydroperoxyl radical.

For the dual fuel cases, the non-premixed reaction zone is weaker in local heat rédease ra
and the non-premixed flame surface area is larger. This can be explained using the oxygen mass
fraction in Figure 6.18(c) where there is a greater reduction in oxygen mass fractiontbehind
natural gas flame as the natural gas equivalence ratio is increased. The reaction zone for a non-

premixed diffusion flame exists where the equivalence ratio is nearly stoichiometric and

therefore the spray head must diffuse outward a greater distance in order to reach stoichiometric
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proportions with a mixture of lower oxygen content. This larger and more diffused spray head
also has a lower density of hydrocarbons on the fuel side of the non-premixed flame, resulting in
lower local heat release rate. The reduced oxygen content for the n-heptane spray also implies
that using a stoichiometric natural gas equivalence ratio will lead to insufficient oxygen for CO
and soot oxidation. Furthermore, Figure 6.18(b) shows the presence of oxygen at the nozzle and
within the upstream portion of the sprays, which indicates oxygen entrainment and subsequent
rich oxidation reactions with the n-heptane spray.

Figure 6.18(c) shows that methane is produced in the interior of the spray for all three cases.
In the pure air case methane is not present until after a noticeable distance downstream of the
nozzle, while the dual fuel cases show methane at the nozzle orifice and throughout the entire
spray interior. Also the methane mass fraction is highest in the dual fuel cases at a similar
location to where the methane is produced in the pure air case. This implies that the viscous
action of the spray is entraining methane near the nozzle in the dual fuel cases and later
downstream the breakdown of n-heptane is producing methane as an intermediate. The entrained
and produced methane is then completely oxidized at the non-premixed flame surface as there is
no methane observed between the non-premixed flame and the natural gas flame.

The carbon dioxide mass fraction in Figure 6.18(d) shows that mores@@duced by the
non-premixed flame than the premixed natural gas flame, which is understandable as the non-
premixed flame occurs at a nearly stoichiometric ratio and the natural gas flame is lean. In Figure
6.18(e) the mass fraction of CO is produced in the spray head and oxidized at the non-premixed
flame, while no CO is left behind the lean natural gas flame. This implies that CO emissions in
dual fuel engines are the result of incomplete combustion of the diesel spray. Beg&useaC

known precursor to soot formation, Figure 6.18(f) suggests that soot is formed most strongly in
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the head of the n-heptane spray for all three cases, which is a well-known behavior for diesel
sprays [47], and very little to no soot is formed by the lean natural gas flame. The larger spray
head in the dual fuel cases indicates that a greater mass of soot is likely to form inythe spra
heads of dual fuel combustion as the natural gas equivalence ratio is increased.

Combustion intermediate species £LHand the hydroperoxyl radical (HDare shown in
Figure 6.18(g) and Figure 6.18(h) respectively,GHhk an important species in one of the major
chain branching pathways for methane combustion and Figure 6.18(g) shows the formation of
CH.0 at the location of the lean natural gas flame. Figure 6.18(g) also shofsi€produced
at a high rate in the near nozzle region of the spray where low temperature heat release is
observed, but not at the non-premixed diffusion flame surface where high temperature reactions
are present. Therefore, @Bl would be an effective species to use in an AMR scheme that
refines the grid where the natural gas flame is located but not where the diffusion flame is
located. HQ is initially formed in the H-atom abstraction reactions that initiate hydrocarbon
combustion and is produced at high rates in lean combustion. Figure 6.18(h) confirms this as the
HO, is present in the upstream region of the spray interior and at the natural gas flame surface.
For the pure air angd = 0.5 cases, HQOs produced in low quantities at the surface of the non-
premixed diffusion flame. For the = 0.8 case, low levels of H®emain in the products behind
the natural gas flame, which is likely a result of less oxygen in the natural gas combustion
products as the equivalence ratio is increased. Furthermore,=H@&8 case shows HMeing
produced homogeneously throughout the unburned natural gas/air mixture, which indicates
homogenous auto-ignition reactions beginning in the unburned gases that can lead to knocking in
dual fuel engines. Because the behavior of iQunique between all three cases,,;hduld be

a useful species to use in a multi-zone chemistry strategy.
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6.5.1. NOx Comparison

The preceding section demonstrated the ability to compare diesel and dual fuel combustion in
a fundamental sense using simulations. This method can also be applied to sgudyrh&@ion.
NOx formation occurs at lean to stoichiometric conditions and at temperatures above roughly
2200 K [50]. NOx formation is well known to peak at slightly lean mixtures because the flame
temperature is high and because there is excess oxygen available to react with nitrogen.
Therefore, if a slightly lean natural gas mixture is added to a constant diesel sprayighen it
trivial result that the N formed is higher after a certain combustion duration. This would be
analogous to comparing engine out Némissions between diesel and dual fuel operation with
the dual fuel case having a much high load than the diesel case. Therefore including a plot of
NOx in Figure 6.18 would have not have indicated the fundamental differencexifioN@ation
between dual fuel and diesel. In order to make a fair comparison the diesel spray must be stopped
part way through and natural gas allowed to release the remainder of the energy such that the
total energy released is equal between the dual fuel and diesel cases. This is similar to how a dual
fuel engine is operated at high load and high substitution rate.

In this section the diesel spray in the dual fuel case @ithD.8 is stopped just after ignition
at 0.5 ms and the natural gas flame continues to propagate. The results are then compared to the
pure diesel case when the dual fuel case has released the same amount of energy ak the dies
case has at 2 ms. Then the mass of ldf@ compared and clip plane images are used to explain
the differences.

Figure 6.19 compares the integrated heat release between bottEcasgg.is released at a
much greater rate in the dual fuel case for two reasons. Firstly, the diesel vapors in the head of

the spray mix with natural gas and therefore more fuel mass combusts during ignition. Also, the
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natural gas flame surface area quickly becomes much larger than the flame surface for the diesel
jet. After 2 ms, the pure diesel simulation has released about 87 J of energy. This same about of
energy is released by the dual fuel case at approximately 0.85 ms. By comparingxthe NO
formed at these two times, it can be inferred as to which combustion mode is likely tdegenera

greater NQ for the same engine load.
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Figure 6.19. Comparison of energy released over time between the diesel and dual
fuel cases. The diesel injection ends at 0.5 ms.

Figure 6.20 shows the mass of N@ the simulations over time. The NOn the diesel
simulation at 2 ms is 0.08 mg, while that in the dual fuel case at 0.85 ms is 0.04 mg. Therefore,
in order to release the same amount of energy the pure diesel case has formed about twice as
much NQ than the dual fuel case. The time that combustion occurs over is somewhat irrelevant
for this comparison, because in an engine application the combustion duration will take as long
as needed to meet the load requirements. The duration of the natural gas flame continue until all
there is no longer any volume to burn and the mass of natural gas burned will already have been
adjusted to meet the load required. The diesel flame will continue to inject until the load is met.

An easier way to visualize this trend is to compare the f@med with the energy released,
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which is plotted in Figure 6.21. It is clear that pure diesel combustion produces mpitadhO
dual fuel for any given amount of energy released or load demanded. Also this trend will

continue for greater loads because the curves are diverging.
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Figure 6.21. Accumulated NOx mass as a function of the energy released for the
diesel spray and a dual fuel case where the injection ends just after ignition. The

natural gas mixture in the dual fuel case ¢as0.8.

Figure 6.22(a) shows a comparison of thexNi@ld between the diesel and dual fuel cases at
the two times compared previously when the energy released is equal. The dual fuel image is

different than the images shown previously in Figure 6.18, because the diesel injection is turned
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off at 0.5 ms. After the diesel injection ends, the natural gas flame is able to travel upstream
towards the nozzle along the sides of the jet. This is more clearly seen in the temperature images
in

Figure 6.22(b) and the local HRR plot in

Figure 6.22(c).
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Figure 6.22. Comparison between pure diesel combustion and dual fuel
combustion in which the diesel injection is turned off at 0.5 ms. (a). NK®
Temperature. (c) Local heat release rate.
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Figure 6.22(a) shows that the diesel flame has a much larger volume of highker NO
production. The natural gas flame in the dual fuel case has a large energy release i@mte ove
large surface area but has a lower flame temperature as indicated by the green volume. The
highest NQ formation occurs in the exhaust products left behind the natural gas flame and since

the temperature is lower than the diesel flame, thg dtfdcentration is lower.

6.6. Conclusion

A multi-dimensional CFD model with an 86 species reduced chemical kinetic mechanism, a
RANS turbulence model, and advanced spray models has been constructed and validated against
in-cylinder pressure and heat release rates from natural gas/diesel conventional dual fuel engine
experiments across varying substitution percentages including a case where engine knock
occurred. The reduced chemical mechanism was developed for mixtures of n-heptane, methane,
ethane, and propane using the DRGEPSA method from highly detailed base mechanisms. Engine
experiments and simulations were performed by varying injection timing for two different loads
with different natural gas substitution percentages. Dual fuel combustion with a more reactive
natural gas mixture was explored by adding a small amount of propane to the natural gas in one
of the high substitution cases. This propane addition experiment exhibited an uncontrolled fast
combustion rate during the second combustion phase, which created high frequency pressure
oscillations characteristic of engine knock.

For both injection timing sweeps and the propane addition experiment, the CFD simulations
predicted start of combustion timing to within one crank angle degree, the initial pressure rise
rate to within 2 bar/deg, the peak pressure to within 4 bar, and the phasing of peak pressure to

within 1 crank angle degrees. For the propane addition case where knocking was observed, the
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timing and magnitude of the uncontrolled fast combustion was well captured. Also, the

simulation predicted pressure oscillations that were close in frequency to the experimentally

observed oscillations. Qualitatively, the model achieved excellent agreement with the shape of

the heat release rate profile for all experimental cases. In-cylinder images from these simulations

provided information about the physics of dual fuel combustion and the following conclusions

were drawn.

1.

2.

3.

Under the operating conditions investigated, dual fuel combustion begins with rich
premixed auto-ignition of the diesel spray and entrained natural gas. Then a non-
premixed diesel spray flame is established that initiates a premixed propagating natural
gas flame. The natural gas flame propagabrmal to the spray axis and down into the
bowl region. A natural gas flame also travels into the squish region, but at a slower rate
due to greater heat transfer. The increasing surface area of the natural gas flame cause
the AHRR to increase at a steady rate.

At advanced injection timings, the increasing slope in the AHRR profile during the
second combustion phase continues until all of the natural gas in the bowl region has
been consumed, after which there is a sudden decrease in available natural gas/air
mixture and a corresponding drop in the AHRR profile. This results in a triangular
shaped pressure curve. The tail end of the AHRR profile is due to the natural gas flame
traveling through the squish region as well as combustion of any remaining diesel fuel.

At retarded injection timings, expansion cooling slows down the natural gas flame as it
approaches the bowl walls and as a result there is not a sudden change in available natural

gas/air mixture. This creates an AHRR profile that rises and falls gradually with a hump
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like shape. As the SOI timing becomes increasingly retarded, the flame can become
guenched in both the bowl and squish regions during expansion.

. A comparison between dual fuel and a diesel-only simulation showed that the presence of
entrained natural gas within the spray results in a higher magnitude spike in AHRR at
ignition. It also showed that during the second combustion phase, the diesel fuel
contributes a relatively constant contribution to the total AHRR.

. Premixed flames from adjacent sprays merge together creating a single flame surface
with a cusp like crease where they meet. These flames first merge near the center of the
cylinder and this crease in the flame surface travels outwards towards the bowl rim.
Merging natural gas flames form a pocket of unburned natural gas along the crease
between them that are located far from piston walls.

. Uncontrolled fast combustion rates that lead to dual fuel engine knocking can be caused
by the pockets of unburned gas between merging natural gas flames undergoing auto-
ignition. These gas pockets experience auto-ignition before the gas near the walls due to
lower heat transfer. Therefore the auto-ignition locations in a dual fuel engine under these
operating conditions are confined between spray axes.

. The lean natural gas flame leaves behind excess oxygen and exhaust products for the
oxidizer side of the non-premixed diesel flame.

. The dual fuel constant volume chamber spray simulations showed that when the natural
gas equivalence ratio is high enough, the natural gas flame speed becomes faster than the
diesel flame surface’s speed at the front of the spray head and as a result the natural gas

flame can propagate downstream of the spray head.
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9. For lean natural gas mixtures, the natural gas flame leaves oxygen behind for the oxidizer
side of the non-premixed diesel jet flame. This concentration of left over oxygen
decreases as the natural gas equivalence ratio is increased and as a result the non-
premixed flame in dual fuel combustion grows to a larger surface area with lower local
heat release rate.

10. Diesel sprays into a natural gas/air mixture result in the entrainment of natural gas within
the interior of the spray, which is then oxidized at the surface of the non-premixed flame.

While the simulations had overall good agreement with experiments, there are still some

aspects that need improvement. For example, the model over predicted the magnitude of the
AHRR during ignition for the larger injected masses. This error can be attributed to not having
measured the rate shape or the injection duration and instead relying on literature. These injector
characteristics need to be experimentally measured for the operating conditions investigated and
incorporated into the model in order to more rigorously determine the model’s accuracy. In

addition, while the use of a RANS turbulence model does account for sub-grid TCI effects of
increased diffusion rates, it does not account for commutation error between the cell averaged
temperature and cell averaged reaction rate. Therefore, the model presented herein does include
some degree of TCI error. However, the agreement with experimental pressure and AHRR
suggests that the error from TCI effects must be small and the behaviors observed in the
simulations are still valid. Finally, further work is needed to determine if the model can

accurately predict engine exhaust measurements fgr 880t, CO, and unburned hydrocarbons.
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CHAPTER 7:SENSITIVITY STUDY ON RCCI MODELING

7.1.Introduction

Engine manufacturers face increasingly stringent emissions regulations due to concerns over
human health and the environment, specifically with regards to emissions of carbon monoxide,
unburned hydrocarbons (UHC), particulate matter (PM), and nitric oxideg)(M@ditionally,
the U.S. Environmental Protection Agency (EPA) recently initiated regulations on greenhouse
gases (GHG), such as carbon di@xiand raised fuel efficiency standards for light duty vehicles
by 2018 and heavy duty vehicles by 2025 [2] [3]. Therefore, engine designéasiagedifficult
challenges to meet emissions regulations and increase engine efficiency. One promising strategy
that has received considerable attention over the years is low temperature combustion, wherein
fuel premixed with excess air generates lower combustion temperatures and less nitric oxide
compared to combustion of diesel sprays and stoichiometric spark ignited (SI) mixtures.
Additionally, lean premixed combustion avoids the rich regions within diesel sprays where soot
is formed.

Homogeneous charge compression ignition (HCCI) is a low temperature combustion method
whereby compression heating of a lean premixed fuel air mixture in a high compression ratio
engine initiates ignition reactions throughout the chamber nearly simultaneously. This method
generates very fast combustion rates over a short duration yielding high efficiencies, but also
limits the operating range and introduces difficulties in combustion phasing control. In recent
years some of the obstacles of HCCI have been overcome by stratifying the change witk
two fuels of different reactivity, known as reactivity controlled compression ignition (RCCI).

This strategy uses a homogenous premixed low reactivity fuel and stratification of a high
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reactivity fuel via early direct injection. By stratifying the high reactivity fuel, ignipooceeds

from areas of high mixture reactivity to areas of low reactivity, which lengthens the combustion
duration, lowers the pressure rise rate and peak pressure, and allows for high loads to be
achieved. Additionally, the load range can be extended by using a higher percentage of high
reactivity fuel at low load and more low reactivity fuel at high load. Splitter et al. [19] were able
to achieve high efficiency RCCI operation using gasoline and diesel in a heavy duty single
cylinder engine between 4 and 14.5 bar IMEP while meeting EPA emission standardscfor NO
without aftertreatment.

The use of natural gas for RCCI operation is advantageous for three reasons. Firstly, as
shown by Nieman et al. [15], the difference in reactivity between natural gas and diesel is wider
in comparison to that between gasoline and diesel. This allows for further lengthening of the
combustion duration, which consequently allows for lower pressure rise rate, lower peak
pressures, and extension to higher engine loads. Secondly, natural gas can produdeotess ca
dioxide than gasoline or diesel on an energy equivalent basis, because it is composed primarily
of methane, which has a higher hydrogen to carbon ratio and a higher heating value. Thirdly,
natural gas is expected to remain less expensive than gasoline or diesel on an energy equivalent
basis for many decades to come [1]. Therefore, utilizing natural gas in RCCI combustion allows
for a significant range of the operating map in a diesel engine to achieve highen@ffiwieh
significantly reduced emissions and lower fuel cost.

Greater understanding of RCCI from multi-dimensional modeling is necessary to explore
emissions formation and find optimal control strategies that can overcome the difficulties of
combustion phasing and large pressure rise rate. Previous modeling work with gasoline/diesel

RCCI has been used for optimization of injection strategies, fuel ratios, and exploringtite eff
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of EGR [19] [50] [51] [52]. Many of these simulations have used n-heptane as a single
component surrogate for diesel fuel, which is based on the similar cetane number and heating
value. However, previous modeling studies on natural gas/diesel RCCI are limited and have
demonstrated additional modeling challenges due to the wider reactivity difference between
diesel and natural gas. Nieman et al. [15] used reduced chemical kinetics in a multi-dimensional
CFD simulation coupled with a genetic sorting algorithm to optimize natural gas/diesel RCCI
operation over a wide range of speeds and loads, including 23 bar IMEP. The diesel fuel was
modeled using single component fuel surrogates where n-heptane represented diesel fuel and the
natural gas was modeled as pure methane. However, this study did not compare simulated
pressure and heat release rates with experiments and so it is not possible to ascertain the accuracy
of the model when using single component chemistry. Some of their modeling results showed
two periods of increasing combustion rate separated by a period of constant combustion rate,
while Doosje et al. [53] showed experimentally that the increase in combustion rate should be
gradual and continuous. Dahodwala et al. [16] used multi-dimensional CFD to model natural gas
diesel RCCI at 6 bar BMEP and investigate how the mixture changes as the percentage of natural
gas is increased and understand the causes of high methane and CO emissions. This study also
used n-heptane to model diesel fuel and methane to model natural gas. Their comparison
between simulation and experiment showed that the CFD model predicted a noticeably steeper
increase in heat release rate at the start of combustion than seen in experiment. The issue of
overly fast combustion rate increase and pauses in combustion rate increase seem to be common
issues for CFD simulations of natural gas/diesel RCCI. Puduppakkam et al. [52] showed that for
gasoline/diesel RCCI using multi-component gasoline chemistry was able to achieve better

agreement with the AHRR profile than using a single component. It is of interest to explore
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whether a multi-component chemistry and vaporization model for diesel fuel and multi-
component chemistry model for natural gas can reduce the sudden increase in AHRR at start of
combustion as well as periods of near constant AHRR that separating two combustion events.
This study seeks to explore the difficulties and sensitivities associated with multi-
dimensional CFD modeling of natural gas/diesel RCCI. Simulations are compared with
experimental engine data acquired from a light duty diesel engine modified with port injection of
natural gas. Comparisons are made between using single component and multi-component diesel
surrogates for vaporization and chemistry. To this end an existing multi-component diesel
reaction mechanism has been combined with a newly reduced mechanism for methane, ethane,
and propane, resulting in a new reduced natural gas/diesel dual fuel mechanism. Then a
parameter sensitivity study was performed to investigate which inputs have a significant effect
on reducing the fast combustion rate at ignition in order to better match experiments. Parameters
investigated include ratio of diesel components, injected mass, injected fuel temperature, time
step controls, wall temperatures, initial turbulence, and a multi-zone chemistry model.

Recommendations are given for many of these inputs.

7.2. Multi-component dual fuel mechanism

Natural gas and diesel combustion chemistry was modeled using reduced chemical kinetic
mechanisms. In chapter 6 a reduced natural gas/diesel chemical mechanism was presented for
dual fuel engines, which used n-heptane for diesel fuel and methane, ethane, and propane for
natural gas. This mechanism, referred to as CSU141, is initially used to model RCCI
combustion. The natural gas chemistry in CSU141 was reduced from the detailed methane

through n-pentane mechanism from Healy et al. [37] at the National University of Ireland
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Galway and is referred to as NUIGIII. The n-heptane chemistry in CSU141 was rdchmed

the detailed n-heptane mechanism from Curran et al. [38] [39]. Comparisons were then made
between the single component n-heptane chemistry and a two component diesel surrogate.
Recently Pei et al. [54] presented a reduced chemical kinetic mechanism for a two component
diesel surrogate consisting of n-dodecane and m-xylene, which consisted of 163 species and 887
reactions, and will be referred to as LLNL163. In order to use the LLNL163 diesel mechanism in

a dual fuel engine, the natural gas chemistry from CSU141 was added. This is shown

schematically in Figure 7.1.

LLNL Reduced Diesel CsuU186
n-dodecane / p-xylene - n-dodecane, m-xylene, CH4,
Pei et al. C2H6, C3H8
163 species, 887 reactions 186 species, 1014 reactions

DRGEPSA 49 species ‘

NUIG Il C1-nC5  ———pme|85% CH4, 10 % C2H6, 5% C3H8

Healy et al.
293 species, 1588 reactions —l DRGEPSA 46 species
93 % CH4, 2% C2H6, 5% C3H8

Figure 7.1. Schematic showing how the CSU186 multi-component dual fuel
diesel and natural gas mechanism was formulated.
The natural gas chemistry consisted of two reductions of NUIGIII using the direct relation
graph with error propagation and sensitivity analysis (DRGEPSA). The details of eadioreduc
are listed in Table 7.1, where it can be seen that two different natural gas compositions were used
in the reductions. These two reduced natural gas mechanisms were then appended to the
LLNL163 diesel mechanism by adding any species not already in LLNL163. Reactions

involving any of these additional species were then added. The result was a multi-component
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mechanism for natural gas/diesel combustion consisting of 186 species and 1014 reactions,
known as CSU186. This is a moderately large mechanism, but can still yield run times less than

24 hours.

Table 7.1. Conditions used for reducing the detailed natural gas mechanism using

DRGEPSA.

Base Mechanism NUIG Il Natural Gas NUIG Il Natural Gas
Target species CH4, C2H6, C3HS8 CH4, C2H6, C3HS8
Fuel composition (mole frac.) Xcna = 0.85, Xcna = 0.93,

Xcone = 0.1, Xcane = 0.02,

XC3H8: 0.05 Xch3: 0.05
Temperature (K) 800, 900, 1000, 1100, 1200, 800, 900, 1000, 1100, 1200
Pressure (bar) 20, 30, 40, 50, 60, 70, 80 20, 30, 40, 50, 60, 70, 80
Equivalence ratio, @ 0.2,04,06,0.8,1.0,1.2,14 0.2,0.4,0.6,0.8,1.0,1.2, 1.
Ignition delay error tolerance 0.1 0.1
Sensitivity analysis fraction 0.5 0.5

Figure 7.2 shows comparisons of computed ignition delay period between the CSU186
mechanism and the LLNL163 base mechanism for a diesel surrogate mixture of 70% n-dodecane
and 30% m-xylene at lean and stoichiometric equivalence ratios. The excellent agreement across
the range of temperatures and pressures demonstrates that the behavior of the n-dodecane and m-
xylene chemistry from LLNL163 has been retained after addition of the natural gas chemistry.

A similar ignition delay comparison between the reduced CSU186 mechanism and the
detailed NUIGIII natural gas mechanism is shown in Figure 7.3 for an equivalence ratio of 0.5 at
two different natural gas compositions. One is a mixture of 90% methane, 6.7% ethane, and
3.3% propane and the other is a mixture of 70% methane, 20% ethane, and 10% pgxopane.
similar ignition delay comparison between the reduced CSU186 mechanism and the detailed
NUIGIII natural gas mechanism is shown in Figure 7.3 for an equivalence ratio of 0.5 at two

different natural gas compositions. One is a mixture of 90% methane, 6.7% ethane, and 3.3%
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propane and the other is a mixture of 70% methane, 20% ethane, and 10% propane. Close

agreement between
70% n-dodecane, ¢ =0.5 70% n-dodecane ¢ = 1.0
10 10
E 1 [
3 - :
a _x= a
8 —+— LINL163, 10bar | | §
ED.l ¢ —m— LLNL163, 30 bar 24 —— LLNL163, 10 bar
= / —@— LLNL163, 80 bar o —— LLNL163, 30 bar
-~ - CSU141, 10 bar e é':"}[l{:s'fmobba’
- = - CSU141, 30 bar L Guies b
0.01 . | = =G - CSU144, 80 bar 0.0 -~ - C5U186, 80 bar
0.7 0.9 1.1 13 1.5 R 0'9 1'1 13 .
1000K/Temperature 1000 K/Temperature
(a) (b)

Figure 7.2. Zero-dimensional adiabatic ignition delay calculations comparing the
dual fuel reduced CSU186 to the base LLNL163 mechanism for a diesel surrogate
of 70% n-dodecane / 30% m-xylene atgay 0.5 and (by = 1.0.
the two mechanisms across a range of pressures and temperatures shows that the reduced

mechanism can replicate the behavior of the detailed mechanism at engine top dead center

(TDC) conditions for different natural gas compositions.

90/6.7/3.3 in air, =05 70/20/10 in air, $ =0.5
1000 /6.7/ , ¢ / 1000 /20/ b /
A
100 ,/s 100
w z o
z //’g// H /
z 10 z 10 2
o o 3
o o
&5 1. ——— NUIGIII, 10 bar 5 1 —— NUIGIII, 10 bar
E —=— NUIGIII, 30 bar = —=— NUIGII, 30 bar
2 —e— NUIGIII, 80 bar 2 —e— NUIGIII, 80 bar
0.1 - == = (C5U186, 10 bar 0.1 & - == = (C5U186, 10 bar
9'/ - =[# - (C5U186, 30 bar - - - C5U186, 30 bar
- —(> — (C5U186, 80 bar - - = (CSU186, 80 bar
0.01 . . . : : f 0.01 T T : : : I
0.7 0.8 0.9 1 1.1 1.2 13 0.7 0.8 0.9 1 1.1 1.2 1.3
1000 K/Temperature 1000 K/Temperature
(a) (b)

Figure 7.3. Zero-dimensional adiabatic ignition delay calculations comparing the
reduced dual fuel CSU186 mechanism to the detailed NUIG base mechanism for
(a) the 90/6.7/3.3 natural gas mixture and (b) the 70/20/10 mixture.

115



7.3. Computational Details

For the multi-component diesel surrogate, the liquid properties were represented by a mass
averaged mixture of n-dodecane and m-xylene and each liquid component vaporized into its
respective gas phase species. The CSU186 mechanism was then used for the chemistry
calculations. For the single component n-heptane model, the liquid phase was modeled using the
physical and thermodynamic properties of diesel fuel obtained from theVERGE™ liquids
property library and the CSU141 mechanism was used to model the chemistry. For both diesel
models, the natural gas was represented by a mixture of methane, ethane, and propane that

matched the composition from a gas sample.

7.4.Engine Experiments

The experimental operating conditions are listed in Table 7.2. A simple injection timing
sweep at 8.8 bar net IMEP and 2000 rpm using a single diesel injection was performed while
keeping the fuel masses constant. Two methods for determining the injected diesel fuel mass are
presented. The total fuel consumption of the engine as measured by the Coriolis mass flow
meters could be split evenly among the four cylinders to get an average diesel mass per cylinder
per cycle. Additionally, during the process of measuring the rate shapes for each injector on the
rate tube apparatus, the volume flow rate was measured using an AVL PLU131. This allowed for
an injector specific characterization table to determine the injected mass. The difference between
the two measurements is thought to be due to differences in mass flow between injectors when
averaging the total fuel consumption and uncertainty in fuel density from uncertainty in fuel

temperature.
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Table 7.2. Experimental operating conditions.

Fuel case name D4G14

Diesel per cylinder from on engine flow meters (mg) 5+£2

Diesel per cylinder from injector characterization (mg) 35+1

Natural gas per cylinder (mg) 13.5

Natural gas energy share (%) 78.7

Engine speed (RPM) 2000

Diesel injection pressure (bar) 700

Injection duration (ms) 0.4
Commanded start of injection (°ATDC) -46 -48 -52
Boost pressure (kPa abs) 141.1 | 141.8 | 141.0
Manifold temperature (°C) 37.5 38.8 38.7
Air mass per cylinder (mg) 617.8 | 623.2 | 623.2
Net IMEP (bar) 8.77 8.81 8.72
BMEP (bar) 4.5 4.5 4.5
NOX (ppm) 220 131 75

7.5. Experimental Results

The experimental pressure and AHRR plots for the injection timing sweep are shown in
Figure 7.4. As injection timing is advanced the combustion phasing retards, there is less low
temperature heat release, and the combustion duration increases. Computational modeling was
then applied to the -46° ATDC injection timing case which had the most advanced combustion
phasing. Initially, the amount of injected diesel fuel used in the model was chosen to be between

the two measurements with a value of 4.2 mg per injection or 0.6 mg per injector nozzle.

7.6. Single Component Diesel Model

The simulation results using n-heptane chemistry from CSU141 to represent diesel fuel is
compared against experimental pressure and AHRR in Figure 7.5. The phasing of low
temperature heat release (LTHR) is slightly later in comparison to experiment, but the start of the

high temperature heat release is in close agreement. However, there is a significant difference in
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Figure 7.4. Experimental pressure and heat release rates for the SOI timing sweep.

the rate of change in the AHRR profile at the start of combustion with the simulation predicting a

large and fast rise in AHRR while the experiment rises much more gradually. After the initial

fast combustion rate, the heat release peaks, decreases slightly and remains constant, and then

continues to rise to a peak that is close the experimental peak AHRR. After the maximum peak

AHRR, the gradual decrease in AHRR during the second half of the combustion duration is well

captured by the simulation. The simulated AHRR profile therefore shows two distinct

combustion events separated by a local minimum, while the experimental shows a single smooth

combustion event. The fast initial rise in AHRR and two peak behavior could not be eliminated

with further tuning of such parameters as injected mass, exhaust residual mass, wall

temperatures, turbulent kinetic energy, or swirl ratio. The initial fast rise is due to a large

simultaneous ignition of a high reactivity region where n-heptane is concentrated. This indicates

that the single component chemistry cannot produce a gradual gradient in reactivity. A multi-

component vaporization and chemistry model for the diesel fuel may help to model a smoother

transition in mixture reactivity.
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Figure 7.5. Comparison between experimental and simulated pressure and AHRR
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7.7. Multi-component Vaporization and Chemistry Diesel Model

The comparison between the experiment and the simulation using the multi-component
vaporization and chemistry model using the newly combined CSU186 mechanism is shown in
Figure 7.6 along with the single component diesel simulation from Figure 7.5. Other than the
chemical mechanism and diesel fuel surrogate, all other models inputs are identical. Comparing
the two simulations with experiment shows that the multi-component diesel model was able to
significantly reduce the delay time during the local minimum and eliminate the widely separated
two peak behavior, resulting in an AHRR profile with a more continuous rise. Additionally, the
rate of increase in AHRR at start of combustion is reduced with the multi-component surrogate,
but still much faster than seen in experiment. Also, the maximum AHRR is greater than in
experiment, which yields a higher peak pressure. Thus, the multi-component model was able to
more closely predict the single peak shape of the experimental AHRR than the single component

model, but could not eliminate the fast rise at ignition.
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Figure 7.6. Comparisons between the SOl = -46° ATDC experimental messur

and AHRR with both the single component n-heptane diesel model and the n-

dodecane/p-xylene diesel model.

A comparison between the two diesel models using in-cylinder imaging of the equivalence
ratio in a clip plane along the squish surface of the piston just prior to combustion is shown in
Figure 7.7. It can be seen that the direct injected diesel fuel is more spread out in the case with
the multi-component vaporization model, which creates a more gradual reactivity gradient. Also
the single component model has a larger rich region located near the liner wall. This larger
volume of high reactivity mixture releases more energy upon ignition, thereby causing the larger
rise in AHRR.

The difference in location of the rich regions in Figure 7.7 leads to different locations for the
onset of high temperature heat release (HTHR) reactions. This is demonstrated in Figure 7.8
which shows the time evolution of a 30 W/MHRR iso-surface. The first image shows that the
HTHR reactions begin near the liner wall in the single component diesel model, but begin in the
center of the squish region in the multi-component model. As a result, the iso-surface in the

multi-component diesel simulation reaches the fuel in the bowl region first, which causes a more
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Diesel = n-dodecane/p-xylene | Diesel = n-heptane
Crank Angle = -26.99 °ATDC | Crank Angle = -26.97 °ATDC

Figure 7.7 Clip plane showing equivalence ratio at -27° ATDC and comparing

the multi-component diesel model with the single component model.
gradual change in global AHRR. Also the reaction zone travels faster in the bowl region in the
multi-component model as evidenced by the larger change in the iso-surface between -6° and -2°
ATDC. Therefore, the long pause in combustion rate near the local minimum in the AHRR
profile for the single component case is due to the longer time it takes for the combustion zone to

consume the fuel in the bowl region.

7.1. Sensitivity Study of Input Parameters
7.1.1. Ratio of n-dodecane to m-xylene

A parameter study was then carried out to assess which inputs the model is highly sensitive
to and would alter the magnitude of the AHRR profile to more closely match experiment. For
these parameter studies the base case used for comparison is the multi-component diesel
simulation presented in Figure 7.6. The first parameter investigated was the effect of changing
the ratio of n-dodecane to m-xylene in the diesel surrogate. Figure 7.9 presents a comparison
between the base case simulation, which had a 70% n-dodecane / 30% m-xylenatlslit,
65% / 35% split and a 60% / 30% split. For the 65% n-dodecane simulation, Figure 7.9 shows

little differences at the start of combustion, but later demonstrates a more retarded phasing of the
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Figure 7.8. Comparisons of HRR iso-surfaces of 30 W/mm3 between the multi-
component and single component models.

maximum AHRR. The 60% n-dodecane case shows a more dramatic retarding of combustion
phasing, but the two peak behavior is less pronounced. Also the 60% n-dodecane case more

closely matches the AHRR profile during the low temperature reactions. Therefore, 5% changes
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to the diesel component ratio can shift combustion phasing slightly, but changes of 10% can

change phasing significantly.
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Figure 7.9. Comparison between experimental and simulated pressure and HRR
as the ratio of n-dodecane to m-xylene is varied from 70% to 60% n-dodecane.
Experimental data is from the SOI = -46° ATDC case.

In order to investigate how the combustion phasing changed with the split in diesel
components, in-cylinder images from the three simulations in Figure 7.9 are compared in Figure
7.10, which shows a clip plane colored by equivalence ratio just prior to start of combustion at
-12° ATDC. From these images it can be seen that as the percentage of n-d&lesdineed,
the region of near stoichiometric mixture becomes smaller, indicating greater dispersion of the
injected fuel. Greater fuel dispersion with increasing m-xylene should be expected, because m-
xylene is more volatile than n-dodecane. The more dispersed fuel distribution in the 60% n-
dodecane case results in a more gradual reactivity gradient and explains the slower rising AHRR

profile.
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Figure 7.10 Comparison of equivalence ratio distribution just before ignition
between the different diesel fuel ratios.

7.1.2. Injected mass

Figure 7.11 shows a comparison between the base case where 0.6 mg of diesel per nozzle
was injected and a case where 0.5 mg per nozzle is injected. The 0.5 mg is equal to the amount
measured during the injector characterization, while the 0.6 mg is closer to that measured by
averaging the fuel consumption across all injectors. The peak pressure agreement is a closer
match with experiment. Also, the phasing of the maximum AHRR is a closer match to
experiment. The start of combustion timing is equivalent to the base case simulation, but the
slope in AHRR is nearly vertical with a larger increase. In-cylinder images from the simulations
can be used to investigate the cause for the large increase in AHRR at ignition. Figure 7.12
compares the two cases using a stoichiometric equivalence ratio iso-surface just prior to ignition.
The 0.5 mg case has a larger volume of gas with an equivalence ratio greater than stoichiometric
in comparison to the 0.6 mg case. This larger volume of stoichiometric mixture will release more
energy upon ignition and explains the behavior seen in the AHRR profiles. Therefore, the 0.5 mg

case has a fuel distribution that is not as well mixed.
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Figure 7.11. Comparison between experimental data and simulations showing the
effect of decreasing the injected diesel mass. The base case has an injected mass
of 0.6 mg per nozzle, while the other case has 0.5 mg per nozzle.
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Figure 7.12. Iso-surface @f= 1.0 comparing simulations of different injected mass.

7.1.3. Injection Velocity

The injection velocity can be raised by lowering the discharge coefficient. Figure 7.13(a) and
(b) compare the injection velocity and injection pressure profiles between the base simulation
with one that has had the discharge coefficient lowered from 0.86 to 0.8. The peak injection
velocity increases from 373 m/s to 400 m/s, an increase of about 7%. The peak injection pressure

has increased by about 16% from 500 bar to 580 bar.
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Figure 7.13. (a) Calculated injection velocity profiles between different discharge
coefficients and injector nozzle diameters. (b) Calculated injection pressure
profiles between different discharge coefficients and injector nozzle diameters.

Figure 7.14(a) compares the base simulation with the simulation using theGgweiue.

The lower discharge coefficient is able to retard start of combustion and leads to a slower
increase in combustion rate at ignition. There is still a fast combustion at the beginning of the
combustion duration, but it is smaller in magnitude. While the maximum AHRR is still over
predicted, the value of the AHRR profile during the rising and falling portions more closely
matches the experimental AHRR profile in comparison to the base simulation. Consequently, the
pressure curves are more closely matched, with better agreement in pressure rise rate and peak
pressure. Therefore, a small increase in injection velocity has resulted in a significant
improvement in matching experimental AHRR. The injection velocity profile is therefore an
important boundary condition to have accurately defined.

While the results in Figure 7.14(a) appear to more accurately represent the in-cylinder
physics, inspection of the spray in the simulation demonstrated non-physical behavior. The left
side image in Figure 7.15 shows the parcels from the simulation in Figure 7.14(a) during the
middle of the injection duration colored by droplet diameter. The I@yetase is predicting a

non-physical result where injected parcels equal to the orifice diameter are completely broken up
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Figure 7.14 (a)(ac):omparison between the base simulatio(g)and one with a lower

injector Cp of 0.8 while using the KH-ACT model. (b) Comparison between the

base simulation and one wis = 0.8 and not using the KH-ACT model. The

base simulation uses the KH-ACT model andGas 0.86.
into very small droplets within the first two computational cells. This causes a vergrorigin
liquid phase, which does not agree with experimental images of diesel sprays [47]. Further
simulation work revealed that the KH-ACT model of Som and Aggarwal [27], which includes
initial disturbances in the KH model due to cavitation and turbulence, was responsible for this
non-physical behavior. Therefore, the simulation was repeated using the standard KH model
instead of the KH-ACT model and the results are shown in Figure 7.14(b). Removing the KH-
ACT model resulted in nearly the same pressure and AHRR curves as in Figure 7.14(a).
However, the spray parcels in this simulation, as shown on the right side of Figure 7.15, exhibit a
much wider liquid phase with a smoother distribution of droplet diameter, which is in agreement
with experimentally observed sprays. Inspection of the base case showed a similar parcel
distribution the one shown in the right side of Figure 7.15. Therefore, when lowering the

discharge coefficient to raise injection velocity it is also necessary to remove the KH-ACT

model.
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Figure 7.15 Comparison of spray parcel behavior colored by droplet diameter
between using and not using the KH-ACT model v@g= 0.8.

By comparing the fuel distributions prior to ignition between the base simulation and the
lower discharge coefficient case without the KH-ACT model, the causes for the different
combustion behavior can be deduced. This is shown in Figure 7.16 where a clip plane through
squish region is colored by equivalence ratio. The case with higher injection velocity has a mor
spread out fuel distribution and covers more of the volume in the squish region. This can be
attributed to the spray impacting the piston squish surface early and therefore having more time
to spread out and mix. It also does not have a large regiorpwth, which helps explain why
ignition occurs later than the base case.

Base, KH-ACT, Cd = 0.86 no KH-ACT, Cd = 0.8
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Figure 7.16 Comparison of equivalence ratio distribution just before ignition
between the different injection velocity methods.

128



7.1.4. Multi-zone Chemistry

The sudden combustion rates at ignition seen in the simulations thus far can be affected by
such numerical methods as the multi-zone chemistry strategy, the species convergence tolerance
for the chemistry solver, and the time step size. The effects of the multi-zone chemistry method
will be investigated first. Figure 7.17(a) shows a comparison between the base simulation and
another simulation where the multi-zone chemistry has been turned off. By comparing these two
simulations the accuracy of the multi-zone method can be analyzed. The absence of the multi-
zone chemistry solver causes the start of combustion to retard about 2 crank angle degrees and
the maximum in AHRR to retard about one crank angle. The in-cylinder images in Fig8re 7
shows an equivalence ratio iso-surface ef 0.9, which indicates that the mixture distribution of
injected fuel is spread out to a greater extent when the multi-zone chemistry has been removed.
The greater extent of mixing causes a reduction in maximum equivalence ratio and therefore
explains the slightly retarded combustion phasing. It is uncertain how removing the multi-zone
chemistry method could affect the distribution of fuel, but one possible explanation could be
different species gradients from the multi-zone chemistry causes the species based AMR to
refine the grid differently. Variations in the grid refinement near the fuel vapor boundary can
cause different exchange rates in the transport equations. While the differences in the pressure
and AHRR curves are not dramatic, this result demonstrates how sensitive the fuel distribution
can be to model inputs, which makes RCCI modeling challenging.

An attempt was made to develop a multi-zone strategy that had close agreement with the
simulation without multi-zone. Figure 7.17(b) presents a comparison between the simulation
without multi-zone to a simulation using a revised multi-zone strategy, which is described in

Table 7.3. Comparing the two multi-zone methods in Tables 1 and 6 shows that the intermediate
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Figure 7.17 (a) Comparing the base simulation with one where the multi-zone
chemistry solver is turned off. (b) Comparing the simulation without multi-zone
with a simulation with a revised multi-zone strategy.
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Figure 7.18. Equivalence ratio iso-surface @f= 0.9 comparing the base

simulation with one without multi-zone chemistry.
species C12H2502-2, which is important in low temperature chemistry, has been replaced by
OH and the species bin sizes have been reduced. The updated multi-zone method provides a
nearly identical match to the simulation without multi-zone. Therefore, the multi-zone strategy in

Table 6 should be used in future RCCI simulations.
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Table 7.3. A revised multi-zone chemistry strategy.

Multi-zone bin: temperature (K) 5

Multi-zone bin: progress @ 0.001
Multi-zone bin: n-C12H26 mass fraction 0.0001
Multi-zone bin: m-xylene mass fraction 0.0001
Multi-zone bin: HO2 mass fraction 0.0001
Multi-zone bin: OH mass fraction 0.0001

7.1.5. Chemical Time Step Limit and Species Convergence Tolerance
There is a chemistry time step control paramat€fONVERGE™ that allows for the time
step to be limited by a maximum change in temperature of a cell, calléddt chem and

defined as,

T
dtchem = dtprep Min [E] mult_dt_chem (7.1)

wheredtye, is the previous time steplfcem is the new time stef, is the cell temperature, and

AT is the change in temperature during the time step. In the basenoései _chem was set to

0.5 meaning the cell temperature could not change by more than 50% in a single time step. This
maximum change in temperature was decreased to 10% to see how it affects the ignition, which
is presented in Figar7.19(a). The use of a smaller time step based on temperature change did
not significantly affect the AHRR profile. Therefore, settimglt_dt_chem to 0.5 is appropriate

for RCCI combustion.

The chemistry solver uses an absolute and relative species concentration tolerance to
determine convergence. Some species during combustion are present in low concentrations but
the accuracy of their concentration can have a significant impact on the overall combustion rate.
Therefore, if the absolute convergence tolerance is too large then certain small concentrations
could be in error and cause error in the global combustion rate. To investigate this effect, the

base simulation was compared to a simulation where the absolute species convergence tolerance,
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Figure 7.19 (a) Comparison between the base simulation and one where the time

step size only allows a 10% increase in temperatur€Cghjparison between the

base simulation and one where the absolute species convergence tolerance has

been decreased from 1E-15 to 1E-18.
known assage abs tol in CONVERGE™, was reduced from 1E-15 to 1E-18. This comparison
is shown in Figue 7.19b), which shows that the majority of the AHRR profile is largely
unaffected and the pressure curves are nearly indistinguishable. Therefore, using a smaller

absolute species convergence tolerance can eliminate a small degree of error, but is not

necessary.

7.1.6. Summary of chemistry solver parameters

A summary of the findings from the sections investigating errors related to the chemistry
solver are presented in Table 7.4. Each of the parameter changes reduced error that already
existed in the base simulation. The use of a smaller time step limit based on change in cell
temperature did not reduce the error and added a significant amount of computational cost.
Therefore themult_dt_chem parameter should remain at 0.5. The absence of the zonéi-
chemistry solver had the largest compute time, but also had the largest reduction in start of

combustion error. However, the error reduction was only 2 crank angle degrees and the overall
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combustion behavior was not different. Therefore, removing thé-zane chemistry method

does not justify doubling the compute time, especially because other parameters can be used to
offset this error, such as wall temperatures. Increasing the absolute species convergence
tolerance does not remove very much error, but also does not add a significant amount of

compute time. Therefore, an intermediate value of 1E-16 should reduce some error and not add a
large computational cost.

Table 7.4. Compute times and SOC phasing errors relative to the base simulation
for chemistry solver parameters.

Chemistry Solver Parameter Change Compute Time| Reduction in SOC errg
(hours) (crank deg.)
Base: mult_dt_chem=0.5, sage_abs_tol=1E-15, multi-] 19.6 NA
mult_dt chem =0.1 31.1 0
No multi-zone chemistry 39.0 2
sage abs tol = 1E-18 21.5 1

7.1.7. Wall Temperatures

Measurements do not exist for the piston and head temperatures. Furthermore, the wall
temperatures are not constant throughout the compression and combustion and nor are they
uniform in value. Therefore, the constant and uniform cylinder wall temperatures are often tuned
to get better agreement. This is especially true for RCCI, because the injected fuel is primarily
located in the squish region where the walls are in close proximity to where combustion
reactions begin. To investigate the sensitivity of the model to wall temperatures, the base
simulation was compared to one where the piston and head temperatures were lowered by 30 K.
This comparison is made in Figure 7.20, which shows the start of combustion and the location of
maximum AHRR has retarded one crank angle degree, while the shape of the HRR remains

relatively unchanged. Therefore, piston and head temperatures can be used to tune for small
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changes in combustion phasing without sacrificing the general behavior seen in the AHRR

profile and should be able to offset small errors from other sources.
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Figure 7.20. Comparison between the base simulation and one where the piston
and head temperatures have been decreased by 30 K.

7.1.8. Interpretations from Sensitivity Study

The sensitivity study performed thus far has shown that the results are highly sensitive to the
ratio of diesel surrogate components, the multi-zone strategy, the injection velocity, and the
injected mass. The sensitivity of the results on the injection velocity brings into question the
method that should be used to determine the injection velocity profile. The injector discharge
coefficient is measured with the needle fully open and at steady state injection rate. A
comparison of measured rate shapes between the one used in this experiment and one for a
longer injection duration at the same rail pressure is made in Figure 7.21, which have bee
normalized by the maximum value for the long duration. The short duration rate shape used in
this experiment does not reach the steady state value where the discharge coefficient was

measured to be 0.86. In addition, since the measured rail pressure was 700 bar, then the peak
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calculated steady state injection pressure for the longer duration case in Figure 7.21 should be
equal to the pressure difference between the rail and the cylinder pressure to6bdar.

Since the peak normalized injection rate for the short duration is about 82% of the steady state
rate, then the peak calculated injection pressure should be about 82% of 650 bar or 530 bar.
Therefore the discharge coefficient should be adjusted until the injection pressure is 530 bar and

the resulting injection velocity should be used.
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Figure 7.21. Comparison of the experimental rate shape with another one where
the injection duration is much longer. The rate shapes have been normalized by
the steady state injection rate.

Reducing the injected mass within experimental uncertainty also showed closer agreement
with the experimental data, but had a larger amount of energy released at the start of combustion
as shown by the vertical line in the simulated heat release in Figure 7.11. Figure 7.12 showed
that this was due to a larger volume of rich mixture. One explanation for the reduced mixing
when using reduced injection mass is the resulting reduction in injection velocity when all other
injection parameters are held constant. This is supported by the results from the injection
velocity comparisons, which demonstrated a larger rich mixture volume in the base case where
the injection velocity was lower. Therefore, the injection velocity should be increased whenever

using reduced injection mass in order to avoid a large volume of rich mixture. More specifically
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for this experiment, the injection velocity should be raised by lowering the dischargeieneffic
until the peak injection pressure is 530 bar as previously discussed. The method is explored in
the next section.

The major sources of error not accounted for in this model are the turbulence-chemistry
interactions that are absent in a RANS type turbulence model and the reactivity of rdal diese
fuel, due to using only two species as a surrogate. TCI effects slow down combustion rates from
inhomogeneity in the turbulent structutdsing reduced injection mass can reduce the energy
released during auto-ignition at each location and therefore can compensate for TCI error.
Having more species to represent diesel fuel would promskewer release of energy at each
location as the most reactive species will oxidize and release energy first, which agrees with the
experiments of Splitter et al. [55]. Also, the different diffusion rates of the various species in real
diesel fuel can spread out the reactivity gradient and lead to a more gradual transition in auto-
ignition location. This would result in a more gradual rise in heat release as seen in experiment.
The injection velocity comparison showed a smoother distribution of equivalence ratio with
higher injection velocity. However, if the injection velocity is too high it may create excessive
mixing leading to a large volume that is leaner, but more homogeneous. A more homogeneous
mixture will release energy simultaneously rather than in the sequential fashion characteristic of
RCCI. Therefore, using reduced injection mass to reduce the energy released at each location and
an optimal injection velocity to create smaatichanges in mixture reactivity might be a viable

way to compensate for TCI errors and diesel surrogate errors.

136



7.2.Improved Simulation Result for SOI = -46° ATDC

An improved model for the SOI = -46° ATDC case was performed using the information
gained from the sensitivity analysis and is compared with experimental data in Figure 7.22. The
injected mass was set to 0.5 mg per injector, which is the mass measured during the injector
characterization using the rate tube measurements and represents the low end of the uncertainty
range. A target peak injection pressure of 530 bar was used due to the reasons given in the
discussion of Figure 7.21. This required a reduced discharge coefficient of 0.7. A 70% n-
dodecane / 30% m-xylene diesel surrogate is used here because this mixture seemed to have
good agreement with start of combustion phasing in the base simulation. Also, the sub-grid scale
tolerance for temperature and velocity AMR was reduced to 0.5 K and 0.1 m/s respectively. The
improved multi-zone strategy is utilized. This simulation took approximately 20 hours to
compute using 48 cores. There is still a larger increase in combustion rate at ignition than seen in
experiment, but the magnitude has been significantly reduced in comparison to the single
component model from Figure 7.5 and the rate of increase is more gradual compared to the base
case multi-component model used for the sensitivity study in Figure 7.6. The maximum AHRR
is in much closer agreement with experiment than the base case. The phasing of start of
combustion is well predicted and the phasing of maximum AHRR occurs only 1.75 crank angle
degrees later. The peak pressure is predicted to within 2 bar. Even though the pause in
combustion rate during increasing AHRR has not been eliminated, the simulation prediction in
Figure 7.22 is much closer to experiment than using a single component diesel model and shows

that proper knowledge of the more sensitive model inputs can produce useful results.
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Figure 7.22. Comparison between experimental data and the improved simulation

prediction for the SOI = -46° ATDC case.
7.3. Simulation Results for SOI = -52° ATDC

The more advanced injection timing case of SOI = -52° ATDC was modeled using the same

method as was described for the improved model in Figure 7.22 and is compared with
experimental data in Figure 7.23. The only difference between the models in Figure 7.22 and
Figure 7.23 are the injection timings and a slight variation in initial temperature and pressure to
reflect the slight change in trapped air mass as described in Table 7.2. Also a slight reduction of
the piston temperature was necessary as this more retarded combustion phasing causes lower
wall temperature. The start of low temperature heat release and high temperature heat release are
well captured by the modeThe climb in combustion rate is gradual and similar in value to
experiment. The peak pressure, the pressure rise rate, and the combustion duration agree well
with experiment. The peak heat release is slightly lower than experiment leading to a slightly
lower peak pressure and lower pressure during expansion. Overall, the agreement with
experimental pressure and AHRR shows that the model is able to capture the changes in pressure

and AHRR due to injection timing change without relying on model tuning.
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Figure 7.23. Comparison between experimental data and simulation prediction for

the SOI = -52° ATDC case using the improved method.
7.4.Conclusions

This study investigated multi-dimensional CFD modeling of natural gas/diesel RCCI by

incorporating a multi-component fuel surrogate for both diesel and natural gas. This necessitated
the formulation of a new chemical kinetic mechanism for natural gas and diesel dual fuel
combustion, which represents diesel fuel as a blend of n-dodecane and m-xylene and natural gas
as a mixture of methane, ethane, and propane. Experimental data from a start of injection timing
sweep on a light duty diesel engine was modeled using the multi-component mechanism and a
single component n-heptane mechanism. A sensitivity study was then performed on the multi-
component model to assess which input parameters are most important and develop a modeling
strategy that could be applied to the other injection timing cases. It was found that an RCCI
model can be very sensitive and therefore it is important to have highly accurate measurements
of the boundary and initial conditions. Comparisons of simulations from the parameter study

with experimental pressure and AHRR resulted in the following conclusions.
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Large sudden increases in combustion rate at ignition and during the period of rising
AHRR could be minimized, but not be removed. These sudden combustion rates are
likely due to TCI error, because the sub-grid turbulent eddy structure is not resolved and
therefore clusters of neighboring cells have nearly identical compositions and
temperatures leading to simultaneous energy release.

. The multi-component diesel vaporization and chemistry model was able to substantially
reduce the magnitude of the increase in combustion rate at ignition in comparison to
using the single component n-heptane model. In-cylinder images from the simulations
show this reduction was due to a more spread out fuel distribution.

. The model was most sensitive to the ratio of diesel surrogate components, the multi-zone
method, the injected mass, and the injection velocity.

Better agreement was realized when using the lower injected mass measurement. This
amount of diesel fuel was predicted by individual injector characterization during the rate
of injection measurements. The cylinder averaged injected mass from total fuel
consumption measuremerdan introduce error because each injector has differences in
delivered mass.

. When using a lower injected mass, it is necessary to maintain a peak injection velocity
such that the peak injection pressure is correct. This can be accomplished by using a
lower discharge coefficient. The correct injection pressure should be based on a long
steady state injection rate shape having a steady injection pressure that is close the
measured rail pressure. Short duration sprays should then follow the same increase in

pressure until the rate shape falls off (see Figure).7.21
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6. Using a lower discharge coefficient with tKkéi-ACT breakup model resulted in non-
physical spray behavior. This can be corrected by using the standard KH model.

7. The initial multi-zone chemistry strategy introduced error in the combustion phasing, but
the general shape of the AHRR profile was intact. A revised multi-zone strategy was
developed, which had nearly zero error compared to not using multi-zone and is
recommend for future natural gas/diesel RCCI simulations. The large additional compute
time from not using a multi-zone method is not worth the small reduction in combustion
phasing error.

8. A chemical time step limit based on temperature increase does not need to be less than
50%.

9. A value of 1E-15 for the species absolute convergence tolerance provided satisfactory
results.

10.Tuning of piston and head wall temperatures can be used to make small shifts in
combustion phasing without affecting the general characteristics of the AHRR profile.

Future work should investigate the validity of the spray model to predict short duration pulse

injections with long mixing time prior to ignition. This will require experimental spray data from

high speed imaging and laser diagnostics of short pilot injections.
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CHAPTER 8:LIMITS TO NATURAL GAS SUBSTITUTION IN DUAL FUEL ENGINES

8.1. Introduction

Spark ignited engines have lower compression ratio than diesel engines because premixed
propagating flames can result in end gas knocking if the unburned gas temperatures become too
high. Also premixed combustion can lead to problems with pre-ignition as the compression ratio
is increased. Therefore, it comes as no surprise that fumigating a high compression ratio diesel
engine with natural gas will eventually result in the onset of knock and/or pre-ignitions. This
typically occurs at high load when using a high natural gas percentage and becomes #&kmit to
substitution percentage and the maximum load of the engine. Understanding the limitations to
maximum load as substitution rate is increased allows for a comparison of performance
capability between dual fuel and conventional diesel operation. This comparison can then be
used to assess whether or not dual fuel can meet the demands of a particular application.

In order to explore the limits to maximum load and natural gas substitution percentage,
sweeps of maximum load with engine speed were performed. This was done for pure diesel

operation and for dual fuel operation using varying natural gas percentages.

8.2. Engine Experiments

Engine experiments were conducted using the GM 1.9 L light duty diesel engine as discussed
previously in Chapter 3. These experiments were conducted at Facility 2 which has a natural gas
composition as described Error! Reference source not found.. Maximum load was recorded
for pure diesel operation, dual fuel while maintaining a constant substitution percentage of 65%,

and dual fuel using the minimum diesel injection possible. The minimum diesel injection was
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based on reducing the electronic pulse width until the COV of IMEP began to increase
significantly from inconsistent diesel mass. The maximum load was defined in terms of
performance and emissions constraints, which are listed in Table 8.1. The knock intensity is the
maximum peak to peak amplitude from pressure oscillations. These maximum loads were
recorded at 1400, 1600, 1800, and 2200 RPM. It was not possible to record data at higher engine
speeds, because the Woodward ECU was not fast enough to read and interpret the pressure
cylinder data, which is used in a CA50 control algorithm. At each operating point the main
injection timing was adjusted by the ECU to maintain a commanded CA50 phasing. Other than
fuel mass, the variable space used to obtain the maximum load included the number of

injections, the injection pressure, the boost pressure, and the CA50 target.

Table 8.1. Defined limits for maximum load testing.

Peak pressure (bar) 140
Pressure rise rate (bar/deg) 10
Methane slip (% mass) 2
Total hydrocarbon slip (% mass) 3
NOXx (g/kwh) 0.4
Knock Intensity (bar) 2

Methane and total hydrocarbons were measured using a flame ionization detector (FID) from
California Analytical Instruments (model 600 MHFID). This FID had a non-methane cutter that
allowed for simultaneous measurement of methane and THC. The methane signal fluctuated
from the THC measurement to the methane measurement every 30 seconds, because the cutter
could not be run continuously. Therefore, careful attention to the methane signal was made to
ensure the correct measurement. The methane and THC emissions were measured in parts per
million and it was necessary to convert this to a mass measurement for methane and THC slip

calculation. The methane slip was calculated as,
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PPM M . . .
( 102H4) (Mi::) (mair + Mgiesel + mNG)
M H4

CH, slip = . ‘
XcHanG (MNG )mNG

, (8.1)

whereXcy4 n6 IS the mole fraction of methane in the natural gas. The molecular weight of the

exhaust was assumed to be equal to that of air. The THC slip was calculated from,

( 106 ) ( Morn ) (Mair + Majeser + Mye) (8.2

THC slip =

Myiesel + Myg

Notice that the molecular weight of propane is used to represent the molecular weight of all

hydrocarbons in the THC measurement.

8.3.Results
8.3.1. Max Load Curves

Figure 8.1 shows the maximum torque obtained for pure diesel with multiple injections, dual
fuel with a 65%substitution rate, and dual fuel using the minimum injection duration. Each data
point is labeled by the load limiting factor that was encountered at that condition. The variable
space used to find the maximum load at each speed and fueling constraint included the number
of injections, the boost pressure, the injection pressure, and the injection timing. At most
conditions, the dual fuel cases only used one diesel injection. The percentage of the maximum
load using pure diesel operation for the dual fuel sweeps is illustrated in Figure 822 ©5&o
dual fuel sweep can achieve nearly 90% of the diesel maximum load, while the minimum diesel
injection sweep achieves between 80 and 87%. Also the percentage of diesel maximum load

increases with engine speed, except at 1400 RPM.
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Figure 8.1. Maximum torque curves for pure diesel using multiple injections, dual
fuel with a constant z = 65%, and dual fuel using the minimum injection
electronic pulse width.
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Figure 8.2. Maximum load of the dual fuel sweeps expressed as a percentage of
the maximum load achieved using pure diesel operation.

The ability to maintain a constant substitution rate 8f65% is illustrated in Figure 8.3(a).

The substitution rate at 2200 RPM was slightly higher than desired 2with68%. For the

minimum diesel injection sweep, Figure 8.3(a) shows that the substitution rate increased from

z = 85% at 1400 RPM ta = 90% at 2200 RPM. The minimum diesel injection refers to the

minimum electronic current pulse that could be applied to the injector and ensure the needle
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opened reliably. Using shorter pulse widths resulted in some misfires, because the needle
opening dynamics are not perfectly consistent. The amount of diesel fuel injected per cylinder
per cycle is shown in Figure 8.3(b). In the pure diesel case, the amount of diesel fuel used at
2200 RPM is slightly lower than the amount used at 1800 RPM even though the load was the
same. This indicates better combustion efficiency for the 2200 RPM case. During the minimum
injection sweep the diesel mass varied between 6.7 and 5.5 mg per cycle per cylinder, which is
acceptable to consider constant. The reason the diesel mass is not perfectly constant even though
the pulse width and rail pressure are the same is due to differences in the boost pressure used at
different engine speeds, which affects the pressure difference across the injector orifice. The
boost pressure for each operating point is shown in Figure 8.4, which shows that the boost
pressure is lower at low engine speed and that the diesel sweep was capable of higher boost
pressure. The rail pressure for all operating points is shown in Figure 8.5, which shows the dual

fuel cases used a low injection pressure to limit the pressure rise rate.

100

90 —k_.=_._ 9

80

0]
o

»

=~
[=]

* —
c =
g 3 60
3 __. (5]
b= 60 —= i E c0 / +— Pure Diesel
w
2 P
32 50 E 40 —E—65% NG
w 8] =@ Min. Diesel
8§ 10 & 30
™ 30 o
g w20 _—.—ﬁ-—._ .
® 20 =l 65% NG a
Z 10 —&— Min. Diesel 10 *—o—o °
0 T T T T T 0 T T T T T
1200 1400 1600 1800 2000 2200 2400 1200 1400 1600 1800 2000 2200 2400
Speed (RPM) Speed (RPM)
(a) (b)

Figure 8.3. (a) natural gas substitution rate used for the dual fuel sweeps. (b)
Amount of diesel fuel injected per cycle per cylinder during the max load sweeps.
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Figure 8.5. Diesel rail pressure for the three max load sweeps.

The load limits at 1800 and 2200 RPM provide an example of how different fuel
combinations can have different load limits. Throughout all the cases tested the knock intensity
limit was never exceeded. However, this is a small bore engine and therefore the end gas has less
time to undergo auto-ignition reactions. Knock limits should be expected in large bore heavy
duty diesel engines. In the pure diesel case the maximum boost of the engine (2 bar) was used
and fuel was added until the 140 bar peak pressure was nearly reached, as shown in Figure 8.6
At high boost pressure, controlling a constant boost pressure became difficult as the boost

pressure fluctuated between 1.5 and 2 bar. This caused the peak pressure to fluctuate as well.
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Care was taken to record cylinder data when the boost was near its maximum and the peak
pressure limit was reached. Three different injections were used to obtain the maximum load in
this case. The first small pilot injection acts to increase the cylinder pressure for the other
injectionsso they don’t have to achieve as large of a pressure increase. This injection results in a

fast increase in combustion rate occurring after the end of injection, which indicates auto-ignition
of the pilot fuel. The second pilot injection helps to reduce the ignition delay of the main
injection, which also reduces the pressure rise rate from the main injection. The energy addition
from the second injection raises the pressure to nearly the peak pressure limit. During
combustion of the main injection, the cylinder pressure is nearly constant along the peak pressure
limit. The AHRR after the main injection shows a gradual increase in combustion rate followed
by a long steady decline which creates a long combustion duration. This case achieved 220 ft-

Ibs, which is nearly the rated torque of 235 ft-lbs at 2000 RPM.
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Figure 8.6. Cylinder data for the pure diesel case at 1800 RPM.
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For thez = 65% dual fuel case the load was limited by the 10 bar/deg pressure rise rate,
which occurred before the peak pressure was reached. There was not enough exhaust pressure to

increase the boost pressure past 1.6 bar. A single injection is used and the start of combustion is
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retarded to help reduce pressure rise rate, which was the limit in this case. Also, a low injection
pressure of 400 bar was used to keep the pressure rise rate as low as possible. The AHRR profile
shows a very large increase in combustion rate at ignition. Figure 8.8 shows the natural gas
equivalence ratio for the dual fuel cases, wherezthe65% sweep had ¢ng close to 0.7.
Because the natural gas equivalence ratio is high and the load is high, a largecdimatural

gas mixes with the diesel spray vapors where ignition reactions occur and this leads to a very
large increase in combustion rate. The large rise in AHRR is followed by a gradual dedline a

then sharp drop, which is due to flame propagation.
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Figure 8.7. Cylinder data for thee= 65% case at 1800 RPM.
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Figure 8.8. Natural gas equivalence ratio for the dual fuel sweeps.
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Figure 8.9 shows the 100 cycle averaged cylinder data for the dual fuel case using the
minimum diesel injection. In this case the load was limited by the onset of pre-ignitions or early
ignition, which cannot be seen in 100 cycle averaged data. Early ignition is whencgctes/
out of 100 ignite much earlier than the rest, which leads to much higher peak pressure and
pressure rise rate for that cycleefgnitions are very early ignition cycles which ignite before
the start of injection. Pre-ignitions and early ignitions are dangerous because the maximum
cylinder pressure is often exceeded. Pre-ignition cycles also usually have high fyedareec
amplitude pressure oscillations indicating strong engine knock. Figure 8.10 presents single cycle
pressure data for two consecutive cycles where a pre-ignition event is demonstrated. Cycle 32 is
similar to the 100 cycle average, but cycle 33 begins combustion around the same time that the
injector current is applied. The start of injection occurs after the current is applied to the injector
and therefore the start of combustion for cycle 33 is before the start of injection. The peak
pressure in cycle 33 is close the 140 bar peak pressure limit. These pre-ignitions only occurred
about once or twice every 100 cycles. Attempts to increase the boost pressure or add more
natural gas resulted in earlier pre-ignition events which exceeded the peak pressureelimit. P
ignitions were only a limiting factor for the minimum injection dual fuel cases, because the
equivalence ratio was the highedt0.85 as indicated in Figure 8.8. As a result a higher boost
pressure was achievable in the= 65% case, which is the reason slightly higher loads were
recorded compared to the minimum diesel sweep.

The reason that pure diesel is able to achieve much higher loads than the dual fuel cases is
because it can utilize multiple combustion events. In the pure diesel case a vergilearly

injection helped raise the cylinder pressure so that the pressure increase from the main injection
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Figure 8.9. Cylinder data for the minimum diesel injection at 1800 RPM.
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Figure 8.10. Single cycle pressure data from two consecutive cycles showing a
pre-ignition.
didn’t have to be as large. Also the second pilot injection is able to significantly reduce the
pressure rise rate of the main injection. In the dual fuel cases, as soon as any injectiotihé used
natural gas begins to burn and the pressueegtis very large. Therefore dual fuel cases can’t
use a pre-injection to reduce the pressure rise rate. The only way to reduce the pressiiee rise
in dual fuel engines is to use a smaller injection pressure, smaller injected mass, or retard the
injection, but the extent to which the PRR can be reduced is not enough to allow the pressure to

reach the 140 bar limit. The natural gas flame propagation in the dual fuel cases also makes the
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combustion duration much shorter than was capable in the pure diesel case. Because the peak
pressure cannot be achieved and because the combustion duration cannot be made longer, the
dual fuel cases where not able to achieve the maximum load using pure diesel.

In-cylinder data for 1400 RPM are shown in Figure 8.11 through Figure 8.13. The
important difference in these cases was that the boost pressure was limited by the low engine
speed. Also the amount of fuel that could be added was not limited by such things as pressure
rise rate or pre-ignitions, but by turbo charger surge. When turbo surge occurs the boost pressure
fluctuates dramatically from cycle to cycle and the load drops significantly. In the pure diesel
case, Figure 8.11 shows that unlike at 1800 RPM only two injections were used, because adding
an early pilot injection to raise the pressure for the main injection resulted in turbo surge. The

diesel fuel in the main injection was increased until surge occurred.
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Figure 8.11. Cylinder pressure and AHRR for pure diesel at 1400 RPM.
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Figure 8.12 shows the= 65% case. Initially a single injection was used and as more fuel
was added the pressure rise rate limit was reached before turbo surge was observed. Bherefore,
two injection strategy was used at this condition. The first injection was a small pilot injection

used to initiate combustion of the natural gas. This small injection resulted in a lower pressure
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rise rate because less diesel fuel mass mixes with the natural gas and air during the ignition
delay. The rest of the fuel was then put into a second post injection to maintam @5&6 ratio.

It was found that having the post injection close to TDC resulted in the greatest load. A back and
forth iterative process between increasing the boost pressure and increasing the total fuel was
used to maximize the load until turbo surge occurred. Also, the rail pressure used at this
condition is 300 bar as opposed to the 400 bar pressure used at the other engine speeds, because

it reduced the PRR.
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For the minimum diesel injection shown in Figure 8.13, natural gas was added until the
pressure rise rate was at a maximum. Then the injection timing was retarded to lower the PRR
and more natural gas was added until the PRR limit was reached again. This was repeated until
the combustion became overly retarded such that the load began to drop. Finally the boost
pressure was increased until turbo surge occurred. It was found that the maximum load was

limited simultaneously by both the 10 bar/deg RR® and turbo surge.
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Figure 8.13 Cylinder 4 pressure and AHRR from the minimum diesel sweep at
1400 RPM.
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8.3.2. Emissions

The methane slip and total hydrocarbon (THC) slip are plotted in Figure 8.14. At no point
were methane emissions or THC emissions greater than the 3% limit. Eor 6%%6 sweep the
methane emissions were constant at just under 1% slip and the THC emissions were relatively
constant near 2% slip. For most of the minimum diesel injection sweep, the methane emissions
increased with engine speed and were lower than the valuesar-t68% sweep. However, at
1400 RPM the methane slipaghigher than at other speeds in the minimum diesel sweep. It is
uncertain what is responsible for the higher methane emission at this operating point, especially
considering the methane emissions did not increase at 1400 RPM7r~tb&8% sweep. The
THC emissions for the minimum diesel injection sweep are higher than o+t6&% sweep. It
is interesting that lower methane was observed for most of the minimum injection sweep than for
thez = 65% sweep considering that the mass of natural gas is higher and the load is lower, which
usually means lower temperatures during expansion. This trend can be attributed to the fact that
the natural gas equivalence ratio is closer to stoichiometric for the minimum injection sweep and

this leads to more complete combustion near the walls.
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Figure 8.14. (a) Methane slip for the dual fuel cases. (b) Total hydrocarbon slip.

The NG emissions results are plotted Figure 8.15. The pure diesel case had the lowest
NOx levels even though it had higher load and therefore higher bulk cylinder temperatures
which tends to increase NQormation. This suggests that the flame temperatures are lower for
the diesel combustion than the natural gas combustion. At a particular engine speed, as the
substitution ratio is increased the N@vels increase. This can be attributed to diglame
temperature as the natural gas equivalence ratio is increased. Furthermore, in the case of
minimum diesel injection, there is a large increase irx M@issions between 1600 and 1800
RPM. It is uncertain why this sudden increase occurred for the minimum diesel injection and not
in either of the dual fuel cases. At all operating points the brake specificeN3sions were
below the Tier 4 emissions regulation of 0.4 g/kWh.

The NOx results from Figure 8.15 conflict with the behavior observed by previous authors
who compared emissions between diesel and dual fuel operation. Papagiannakis and Hountalas
[56] compared NO emissions in diesel and dual fuel mode at the same load and speed using a
sweep of substitution percentages. They found that the NO emissions dropped as the substitution

percentage increased and the drop was most dramatic at high load. However, they were also
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Figure 8.15NOx emissions for the three maximum load sweeps.

using a single injection with constant timing. Additionally, the NOx comparisons made using the
constant volume chamber simulations in Section 5.5.1 showed that diesel combustion should
have higher N@ than dual fuel for the same energy released (see Figure B/Bile the data

was not taken at a constant load, reducing the load in the pure diesel case should only make its
NOx emissions lower as the combustion duration would be shorter.

Inspection of the AHRR in the pure diesel plot for 1800 RPM in Figure 8.6 shows that the
main diesel injection is combusting during the expansion stroke until 60 degrees ATDC. The
dual fuel cases in Figure 8.7 and Figure 8.9 show that the combustion duration ends by 20
degrees ATDC. Prehaps more retarded combustion in the diesel case resulted in lower flame
temperature than the natural gas flames in the dual fuel cases. Also the dual fuel cases were not
able to achieve as high of boost pressure as the pure diesel cases and therefore this requires a
higher natural gas equivalence ratio to produce the maximum load, which translates to higher

flame temperature and higher NOSimulations of the three fuel combinations at 1800 RPM
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should be performed to see if the included thermal NO mechanism can predict the observed trend
and provide insight as to why it is different than expected.

There is a possibility that the NOmeasurements are not accurate. The pure diesel sweep
was performed first and these conditions resulted in a noticeably high level of smoke. It is
possible that a large amount of soot entered the NOx analyzers and interferred with the results
during the dual fuel sweeps. The NOx analyzers should be recalibrated and some of the data

points should be verified.

8.3.3. Efficiency Results

The brake specific fuel consumption is shown in Figure 8.16. The pure diesel case had the
worst fuel consumption and as the natural gas substitution rate was increased the fuel efficiency
improved. As is typically seen the fuel consumption improved as the engine speed increased,
which is due to the higher boost pressures attainable and therefore greater load per gram of fuel.

The brake fuel conversion efficiency is shown in Figure 8.17, which is the ratio of brake
work per cycle to the fuel energy used per cycle. Because the combustion efficiency is unknown,
the true thermal efficiency cannot be determined. At low engine speed the efficiencies are nearly
identical between the three cases, while at high engine speed the dual fuel case with minimum
diesel injection has the greatest efficiency of 53%. Therefore, dual fuel combustion has resulted

in a small efficiency increase.

8.4. Conclusions
Maximum load curves have been recorded on a GM 1.9 L turbo-charged diesel engine
between 1400 and 2200 RPM for pure diesel operation, dual fuel with a substitution percentage

of 65% natural gas, and dual fuel using the minimum amount of diesel fuel. Load limits were
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Figure 8.17. Fuel conversion efficiency for the three maximum load sweeps.

applied based on peak pressure, pressure rise rate, knock intensity, methane slip, THC slip, and
the Tier 4 NQ regulation. Other load limiting factors that had to be avoided during the sweeps
included pre-ignitions and turbocharger surge. The knock limit was not encountered at any of the
operating points investigated. Pure diesel operation was able to achieve the highest maximum
load and the maximum load decreased as the natural gas substitution percentage increased. The

following conclusions were made from the load sweeps.
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. Pure diesel operation is able to achieve higher loads than the dual fuel cases because
multiple injections can be used to significantly reduce PRR and because higher boost
pressure is possible. The reduced PRR from using pre-injections allows for a nearly
constant pressure to be maintained near TDC, which allows for much greater expansion
pressure. In dual fuel operation, the first injection will always initiate the natural gas
combustion and cause a large increase in pressure and a large pressure risepede. If
ignition occurs the increase in pressure is much larger and often exceeded the 140 bar
peak pressure limit. Consequently, retarding of the combustion phasing was necessary to
reduce the PRR and peak pressure, which allidar more fuel and higher load. It was

not possible to maintain a constant pressure near TDC with dual fuel operation as the n

. As boost pressure was increased the pre-ignitions began to occur earlier and eventually
exceeded the 140 bar peak pressure limit. Because pure diesel operation did not suffer
from pre-ignitions, a higher boost pressure could be used than was possible with dual
fuel.

. At very high substitution percentages, pre-ignitions became the dominant load limiting
factor for this engine. At a substitution percentage of 65% the load limiting factor was
PRR. At the lowest engine speed the load limiting factor for all three sweeps was
turbocharger surge.

. Methane slip remained less than 1% at all dual fuel conditions investigated.

. The NOx emissions were higher for dual fuel operation and increased as the substitution
percentage increased.

. Dual fuel operation had better brake specific fuel consumption compared to diesel

operation.
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7. At the highest engine speed of 2200 RPM, the minimum diesel injection case had a
substitution percentage of nearly 90%, the maximum load was within 85% of the load
achieved with pure diesel operation, the PRR was less than 10 bar/deg, the methane slip
was less than 1%, the fuel conversion efficiency was over 50%, the NOx emissions were
within Tier 4 regulations, and the brake specific,@missions were reduced by nearly
45%. This condition demonstrates the potential of dual fuel operation to achieve
emissions regulations with a reduced fuel cost in a light duty diesel engine.

8. At low engine speed where boost pressure is limited, adding a post injection can help
increase the load provided that the natural gas equivalence ratio remains lean.

Future work should focus on trying to understand if the trend of increasing NOx with
substitution rate is valid. In doing so all three fuel combinations should be tested at the same
brake torque so that differences in total fuel energy are not a factor. For instance at 2200 RPM
the diesel case arm= 65% case should be run at 190 ft-lbs and the NOx emissions compared.
Also the NQ analyzers should be recalibrated to ensure that heavy soot emissions from the
diesel case did not interfere with any measurements that followed. In addition, the computational
model presented in the previous chapters should be applied to the three fuel combinations at
2200 RPM to explain the differences in N@ormation and determine if the model can
guantitatively predict the methane slip seen in these experiments. These simulations could also
be used to test different strategies to reduce the pressure rise rate when operating in dual fuel
mode, such as different injector designs and different swirl ratios. Furthermore, there is need for
a model that can predict the occurrence of pre-ignition so that methods to mitigate it can be

explored.
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CHAPTER 9: CONCLUSIONS AND FUTURE WORK

9.1. Conclusion

A multi-dimensional CFD model using reduced chemical kinetics has been developed for use
in simulating natural gas/diesel dual fuel engines. This model was validated against experimental
pressure and heat release rate data from light duty turbocharged diesel engine across a wide
range of loads, natural gas substitution percentages, injection timings, and natural gas
compositions. The process of constructing this model necessitated the development and
validation of a new reduced chemical kinetic mechanism for dual fuel combustion whereby
natural gas is represented by a mixture of methane, ethane, and propane and diesel is represented
with as a single component of n-heptane. Applying this model to RCCI combustion found that a
single component diesel surrogate was not able to capture the reactivity gradient from real diesel
fuel and so a two component diesel surrogate model was incorporated into another reduced
chemical mechanism. Using the multi-component mechanism and after performing a sensitivity
study on various model parameters, agreement with pressure from RCCI experiments was
greatly improved. Finally, an experimental comparison between diesel and dual fuel operation at
maximum load provided a quantitative and qualitative understanding of the performance
limitations for light duty dual fuel engines

Simulations of dual fuel engine experiments demonstrated excellent agreement in terms of
start of combustion phasing, pressure rise rate, peak pressure, location of peak pressure, shape
and magnitude of the AHRR profile, and combustion duration. This was done at loads ranging
from 7 to 15 IMEP, substitution percentages ranging from 43% to 70%, advanced and retarded

combustion phasing, and two different natural gas compositions with methane percentages of
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95% and 88%. Also a knocking experiment using additional propane was simulated and the
phasing and magnitude of uncontrolled fast combustion was well captured. Inspection of
combustion physics using clip planes and iso-surfeioes the simulations helped formulate an
explanation for the processes in dual fuel combustion. Entrainment of natural gas with the spray
leads to a larger release of energy during ignition. Establishment of a non-premixed diesel jet
flame initiates a premixed propagating natural gas flame that presagaimal to the spray axis

and down into the bowl region. A natural gas flame also travels into the squish region, but at a
slower rate due to greater heat transfer. The AHRR will increase as the naturahrgasutface

area increases. When the natural gas flame reaches the walls of the bowl region there is a sudden
decrease in available natural gas/air mixture and a corresponding drop in the AHRR profile.
However, at retarded injection timings, expansion cooling slows down the natural gas flame as it
approaches the bowl walls and as a result there is not a sudden change in available natural gas/air
mixture. The tail end of the AHRR profile is due to the natural gas flame traveling through the
squish region as well as combustion of any remaining diesel fuel. As the SOI begomes
increasingly retarded, the flame can become quenched in both the bowl and squish regions
during expansion. A comparison between dual fuel and a diesel-only simulation showed that
during the period of natural gas flame propagation, the diesel fuel contributes a relatively
constant contribution to the total heat release rate.

Simulation of the propane addition experiment where engine knock was observed revealed
unique characteristics of end gas auto-ignition in dual fuel engines. Premixed flames from
adjacent sprays merge together creating a single flame surface with a cusp like creageeyvhere
meet. These flames first merge near the center of the cylinder and this crease in the flame surface

travels outwards towards the bowl rim. Merging natural gas flames form a pocket of unburned
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natural gas along the crease between them that are located far from piston walls where heat
transfer is low. Under the right conditions, these pockets of unburned gas between merging
natural gas flames can undergo auto-ignition and create pressure waves charactenigine of e
knock. Therefore the auto-ignition locations in a dual fuel engine under these operating
conditions are consistently located between spray axes. This is unlike end gas auto-ignition in Sl
engines which can initiate from different locations from cycle to cycle.

Additional information was obtained from simulations of a diesel spray into a constant
volume chamber. Comparisons were made between a diesel spray into air, an ambient natural
gas/air mixture witlp = 0.5, and one with = 0.8. It was found that the natural gas flame leaves
excess oxygen behind for the oxidizer side of the non-premixed diesel jet flame. This
concentration of left over oxygen decreases as the natural gas equivalence ratio is increased and
as a result the non-premixed flame in dual fuel combustion grows to a larger surfasgtarea
lower local heat release rate. Natural gas entrained within the interior of the spray is oxidized at
the non-premixed diesel flame. A comparison between a simulation of a diesel spray in air and a
dual fuel simulation in which the diesel injection ends just after ignition showed that the pure
diesel case generates higher NOx for the same amount of energy released, because the fla
temperature is higher. This comparison also showed that the rate of energy release in the dual
fuel case was much greater even long after the diesel injection ended because the flame surfa
area quickly becomes much larger than the diesel flame.

The 141 species reduced chemical kinetic mechanism for dual fuel engine simulations was
well validated across a range of conditions using comparisons with ignition delay with detailed
mechanisms, adiabatic HCCI simulations of detailed mechanisms, laminar flame speed

experiments of methane at 40 and 60 atm, a diesel spray experiment in a constant volume
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chamber, and simulations of dual fuel engine experiments. The engine experiments included a
range of loads, natural gas percentages, and two different natural gas compositions. These
computations were completed in roughly 12 hours using 48 cores. Based on the validation, this
reduced mechanism should be capable of simulating diesel spray ignition, natural gas flames,
and natural gas auto-ignition in high compression ratio diesel engines. Unlike previous modeling
work on dual fuel combustion where natural gas was represented with pure methane, this
mechanism allows for the reactivity of the natural gas source to be more accurately represented
through the addition of ethane and propane chemistry. While the CSU141 mechanism retains
agreement with the detailed n-heptane mechanism at very lean conditions, this mechanism may
not be suitable for RCCI modeling because the reactivity of real diesel fuel is not well captured
using a single component surrogate.

The study on RCCI modeling showed that using a two component diesel surrogate consisting
of n-dodecane and p-xylene gave a more accurate representation of the gradualiméreaise
release rate observed experimentally compared to using a single component of n-heptane. This is
due to the smoother transition in reactivity created as the diesel mixes with natural gas as the
aromatic p-xylene as a reactivity between n-dodecane and methane. In atititisansitivity
study on parameters for the RCCI engine simulations helped formulate a modeling strategy that
resulted in closer agreement with experimental pressure and AHRR obtained from an RCCI start
of injection timing sweep. This modeling strategy utilized a reduced injection mass while
maintaining the original injection velocity. The reduced diesel mass helps compensate for the
TCIl commutation error between mean cell temperature and mean cell reaction rate induced from
using a RANS turbulence model. The injection velocity must be similar the value obtained

before reducing the injected mass so as to create the proper spreading of the injected fuel and
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was accomplished using either a reduced discharge coefficient or reduced nozzle diameter.
Furthermore, the sensitivity study revealed a multi-zone chemistry strategy that had close
agreement when not using multi-zone chemistry.

The final portion of the work was an experimental study comparing conventional diesel and
dual fuel operation at maximum load on a light duty diesel engine between 1400 and 2200 RPM
The dual fuel operation included a moderate substitution percentage of 65% and the maximum
substitution percentage, which utilized the smallest diesel injection possible. Load limits
included peak pressure, pressure rise rate, knock intensity, pre-ignitions, methane slip, THC slip,
Tier 4 NOx regulation, and turbocharger surgewas found that dual fuel operation had a
reduced maximum load at all engine speeds with the load reduction being largest for the
maximum substitution percentage. At low engine speed all three cases were load limited by
turbocharger surge. At higher engine speed conventional diesel operation was limited by peak
pressure, the 65% substitution rate case was limited by pressure rise rate, and the minimum
diesel injection case was limited by the onset of pre-ignitions. The observed pre-ignitions caused
very high peak pressures that exceeded the maximum allowable design pressure and created
knocking. Diesel operation was able to achieve higher loads because it could utilize multiple
injection strategies to reduce the pressure rise rate and therefore allow for higher boost pressure.
Dual fuel operation is not able to utilize similar multiple injection strategies because natural gas
flame propagation will always begin with the first injection and create a large pressuigorise
avoid high pressure rise rate and pre-ignitions, a lower boost pressure had to be used and the fue
had to be limited. Dual fuel also had lower maximum load because it could not create a long
combustion duration that would allow for near constant pressure near TDC as could be done with

diesel operation.
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The emissions measurements during the maximum load sweeps showed that the methane slip
was less than 1% during dual fuel operation. Total hydrocarbon slip remained under 3% for all
dual fuel conditions. The NOx emissions increased as the substitution percentage increased,
which is counter to the observations made by previous authors and is in conflict with the constant
volume chamber simulations conducted earlier in this work. At all operating points the NOXx
emission remained under the EPA Tier 4 regulation. Dual fuel operation had better brake specific
fuel consumption compared to diesel operation and the fuel consumption improved as
substitution rate increased. At 2200 RPM and a substitution percentage of 90% the fuel
conversion efficiency was over 50%, the load was within 85% of the load achieved with pure
diesel operation, and the calculated brake speCificemissions were reduced by nearly 45% in

comparison to diesel operation. This performance with dual fuel is specific to this engine.

9.2. Future Work

The engine model presented in this work has been validated against experimental pressure
and heat release rate curves, but has not been extensively validated against emissions
measurements. One of the reasons this was not completed was because most of the engine
experiments used for model simulation only included NOx measurements. While the simulations
did include the extended Zeldovich thermal NOx mechanism, previous work has shown that
prompt NOx can be an important source of NOx formation. Prompt NOx modeling necessitates
the use of a much larger chemical mechanism which can significantly increase the computationa
cost. Additional modeling should be performed for some of the dual fuel cases explored in the

maximum load testing, because these experiments included methane and total hydrocarbon
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measurements. This would determine the ability of the model to predict unburned natural gas and
demonstrate its usefulness as tool for exploring strategies to reduce methane slip.

The ability of the dual fuel model to predict engine knock has been demonstrated. Next steps
should be taken to use the model to extrapolate which strategies would be more effective at
mitigating knock. For instance increasing the swirl ratio could allow for greater heat transfer
rates that would cool down the end gases. Also, increasing the number of injector nozzles would
create a shorter distance for the flame to travel and therefore less time for auto-ignition reactions.

The spray model used in this work was validated against optical experiments of a diesel
spray into a constant volume chamber at two different injection pressures. Those experiments
used long injection durations where the steady state injection rate was reached for most of the
duration. However, dual fuel operation at high substitution rate utilizes short injection durations
where the needle is likely to never reach the fully reacted position and the steady stab@ injecti
rate is not reached. Therefore the transient injector dynamics could present error in the model,
because the model uses a discharge coefficient measured at the steady state rate over a long
duration. Using the measured discharge coefficient for short injection duration resulted in the
peak injection pressure being much lower than the measured rail pressure. This can result in a
low peak injection velocity. The RCCI simulation explored in this work had a short injection
duration and showed better agreement when applying a lower discharge coefficient to increase
the injection velocity. Further experiments with vaporizing non-reacting diesel sprays in a
constant volume chamber should be conducted using short injection durations where the steady
state injection rate is not reached. This data should then be used to assess the accuracy of the

model in predicting the injection velocity and if a lower discharge coefficient is appropriate.
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In the dual fuel maximum load experiments, the NOx emissions were seen to increase as the
substitution rate was increased and the load became lower. This trend seems to be in conflict
with observations made by previous authors, in which the NOx emissions went down as the
natural gas percentage increased or the load decreased. The NOx analyzers should be
recalibrated and the three fuel combinations should be tested at the same brake torque, which
should be the 190 ft-Ibs achieved at 2200 RPM in the minimum diesel injection case. If the same
trend is observed, then the model should be applied to these cases to see if the extended

Zeldovich mechanism for thermal NOx formation predicts the same trend.
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APPENDIX A: CSU141 NATURAL GAS/DIESEL DUAL FUEL MECHANISM

The following is a list of the chemical species and reactibaisform the CSU141 reduced
dual fuel mechanism for natural gas/diesel combustion, which was discussed in Chapter
CHAPTER 6:. The list of reactions contains rate constant information in the Arrhenius form.
Some of the reactions include third body efficiencies and Troe [57] pressure dependent reacti
rates. More information about the format of the mechanism and expressions for rate constants
can be found in the CHEMKIBI theory manual [58]. This reduced mechanism uses n-heptane to
represent diesel fuel kinetics and a surrogate mixture of methane, ethane, and propane to
represent the kinetics of natural gas. This mechanism is a combination of reduced forms of the
methane through n-pentane mechanism of Healy et al. [37] and the n-heptane mechanism of
Curran et al. [38] [39]. The detailed mechanisms were reduced using the direct relation graph
with error propagation and sensitivity analysis (DRGEPSA), which is described in detail in the

CONVERGEM theory manual [21].
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ELEMENTS ATOMIC
CONSIDERED WEIGHT
1. ¢C 12.0112
2. H 1.00797
3. N 14.0067
4. 0 15.9994
5. AR 39.9480
6. HE 4.00260

UNITS for the following reactions
A units mole-cm-sec-K, E units cal/mole

(unless otherwise noted):

C

P H

H A

A R

SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT

CONSIDERED E E WEIGHT Low HIGH c H
1. H G 0 1.0080E+00 300 5000 0 1
2. H2 G 0 2.0159E+00 300 5000 0 2
3. 0 G 0 1.5999E+01 300 5000 0 0
4. 02 G 0 3.1999E+01 300 5000 0 0
5. OH G 0 1.7007E+01 300 5000 0 1
6. H20 G 0 1.8015E+01 300 5000 0 2
7. N2 G 0 2.8013E+01 300 5000 0 0
8. HO2 G 0 3.3007E+01 200 3500 0 1
9. H202 G 0 3.4015E+01 300 5000 0 2
10. AR G 0 3.9948E+01 300 5000 0 0
11. co G 0 2.8011E+01 300 5000 1 0
12. CO2 G 0 4.4010E+01 300 5000 1 0
13. CH20 G 0 3.0026E+01 300 5000 1 2
14. HCO G 0 2.9019E+01 300 5000 1 1
15. HOCH20 G 0 4.7034E+01 300 5000 1 3
16. CH30H G 0 3.2042E+01 300 5000 1 4
17. CH2CH G 0 3.1034E+01 300 5000 1 3
18. CH30 G 0 3.1034E+01 300 5000 1 3
19. CH302H G 0 4.8042E+01 300 5000 1 4
20. CH302 G 0 4.7034E+01 300 5000 1 3
21. CH4 G 0 1.6043E+01 300 5000 1 4
22. CH3 G 0 1.5035E+01 300 5000 1 3
23. C2H6 G 0 3.0070E+01 300 5000 2 6
24. C2HS5 G 0 2.9062E+01 300 5000 2 5
25. C2H4 G 0 2.8054E+01 300 5000 2 4
26. C2H3 G 0 2.7046E+01 300 5000 2 3
27. C2H2 G 0 2.6038E+01 300 5000 2 2
28. CH3CHO G 0 4.4054E+01 300 5000 2 4
29. CH3CO G 0 4.3046E+01 300 5000 2 3
30. CH2CHO G 0 4.3046E+01 300 5000 2 3
31. CH2CO G 0 4.2038E+01 300 5000 2 2
32. HCCO G 0 4.1030E+01 300 4000 2 1
33. CH3CO3H G 0 7.6052E+01 300 5000 2 4
34. CH3CO3 G 0 7.5044E+01 300 5000 2 3
35. CH3CO02 G 0 5.9045E+01 300 5000 2 3
36. C2H50 G 0 4.5062E+01 300 5000 2 5
37. SC2H40H G 0 4.5062E+01 300 5000 2 5
38. C2H502H G 0 6.2069E+01 300 5000 2 6
39. C2H502 G 0 6.1061E+01 300 5000 2 5
40. C2H301-2 G 0 4.3046E+01 300 5000 2 3
41. CH3COCH2 G 0 5.7073E+01 300 5000 3 5
42. CH3COCH202 G 0 8.9072E+01 300 5000 3 5
43. CH3COCH202H G 0 9.0079E+01 300 5000 3 6
44. CH3COCH20 G 0 7.3072E+01 300 5000 3 5
45. C2H3CHO G 0 5.6065E+01 300 5000 3 4
46. C2H3CO G 0 5.5057E+01 300 5000 3 3
47. C2H5CHO G 0 5.8081E+01 300 5000 3 6
48. C2H5CO G 0 5.7073E+01 300 5000 3 5
49. HE G 0 4.0026E+00 300 5000 0 0
50. C3H8 G 0 4.4097E+01 300 5000 3 8
51. NC3H7 G 0 4.3089E+01 300 5000 3 7
52. C3H6 G 0 4.2081E+01 300 5000 3 6
53. C3H5-A G 0 4.1073E+01 300 5000 3 5
54. C3H5-S G 0 4.1073E+01 300 5000 3 5
55. C3H50 G 0 5.7073E+01 300 5000 3 5
56. C3H600H1-2 G 0 7.5088E+01 300 5000 3 7
57. C3H600H2-1 G 0 7.5088E+01 300 5000 3 7
58. NC3H702H G 0 7.6096E+01 300 5000 3 8
59. NC3H702 G 0 7.5088E+01 300 5000 3 7
60. NC3H70 G 0 5.9089E+01 300 5000 3 7
61. C4H8-1 G 0 5.6108E+01 300 5000 4 8
62. PC4H9 G 0 5.7116E+01 300 5000 4 9
63. C4H71-3 G 0 5.5100E+01 300 5000 4 7
64. C4H6 G 0 5.4092E+01 300 5000 4 6
65. PC4H902 G 0 8.9115E+01 300 5000 4 9
66. PC4H90 G 0 7.3116E+01 300 5000 4 9
67. C4HT0 G 0 7.1100E+01 300 5000 4 7
68. C4H8OOH1-3 G 0 8.9115E+01 300 5000 4 9
69. C4H800H1-302 G 0 1.2111E+02 300 5000 4 9
70. NC4KET13 G 0 1.0411E+02 300 5000 4 8
71. C2H5COCH2 G 0 7.1100E+01 300 5000 4 7
72. CH2CH2COCH3 G 0 7.1100E+01 300 5000 4 7
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73. C2H3COCH3 G 0 7.0092E+01 300 5000 4 6
74. NC3H7CHO G 0 7.2108E+01 300 5000 4 8
75. NC3H7CO G 0 7.1100E+01 300 5000 4 7
76. C5H11-1 G 0 7.1143E+01 300 5000 5 11
77. C5H10-1 G 0 7.0135E+01 300 5000 5 10
78. C5H91-3 G 0 6.9127E+01 300 5000 5 9
79. C5H1102-1 G 0 1.0314E+02 300 5000 5 11
80. C5H110-1 G 0 8.7143E+01 300 5000 5 11
81. C5H1000H1-3 G 0 1.0314E+02 300 5000 5 11
82. C5H1000H1-302 G 0 1.3514E+02 300 5000 5 11
83. NC5KET13 G 0 1.1813E+02 300 5000 5 10
84. C6H13-1 G 0 8.5171E+01 300 5000 6 13
85. C6H12-1 G 0 8.4163E+01 300 5000 6 12
86. C6H1302-1 G 0 1.1717E+02 300 5000 6 13
87. C6H1200H1-3 G 0 1.1717E+02 300 5000 6 13
88. C6H1200H1-302 G 0 1.4917E+02 300 5000 6 13
89. NC6KET13 G 0 1.3216E+02 300 5000 6 12
90. C6H130-1 G 0 1.0117E+02 300 5000 6 13
91. NC4H9CHO G 0 8.6135E+01 300 5000 5 10
92. NC4H9CO G 0 8.5127E+01 300 5000 5 9
93. NC3H7COCH2 G 0 8.5127E+01 300 5000 5 9
94. C2H5COC2H4P G 0 8.5127E+01 300 5000 5 9
95. NC7H16 G 0 1.0021E+02 300 5000 7 16
96. C7H15-1 G 0 9.9198E+01 300 5000 7 15
97. CT7H15-2 G 0 9.9198E+01 300 5000 7 15
98. CT7H15-3 G 0 9.9198E+01 300 5000 7 15
99. C7H15-4 G 0 9.9198E+01 300 5000 7 15
100. C7H14-1 G 0 9.8190E+01 300 5000 7 14
101. C7H14-2 G 0 9.8190E+01 300 5000 7 14
102. C7H14-3 G 0 9.8190E+01 300 5000 7 14
103. C7H131-3 G 0 9.7182E+01 300 5000 7 13
104. C7H133-1 G 0 9.7182E+01 300 5000 7 13
105. C7H133-5 G 0 9.7182E+01 300 5000 7 13
106. C7H1301-3 G 0 1.1318E+02 300 5000 7 13
107. C7H1502-1 G 0 1.3120E+02 300 5000 7 15
108. C7H1502-2 G 0 1.3120E+02 300 5000 7 15
109. C7H1502-3 G 0 1.3120E+02 300 5000 7 15
110. C7H1502-4 G 0 1.3120E+02 300 5000 7 15
111. C7H1502H-3 G 0 1.3220E+02 300 5000 7 16
112. C7H150-1 G 0 1.1520E+02 300 5000 7 15
113. C7H150-2 G 0 1.1520E+02 300 5000 7 15
114. C7H150-3 G 0 1.1520E+02 300 5000 7 15
115. C7H150-4 G 0 1.1520E+02 300 5000 7 15
116. C7H1400H1-3 G 0 1.3120E+02 300 5000 7 15
117. C7H1400H2-4 G 0 1.3120E+02 300 5000 7 15
118. C7H1400H3-5 G 0 1.3120E+02 300 5000 7 15
119. C7H1400H4-2 G 0 1.3120E+02 300 5000 7 15
120. C7H1400H1-302 G 0 1.6320E+02 300 5000 7 15
121. C7H1400H2-402 G 0 1.6320E+02 300 5000 7 15
122. C7H1400H3-502 G 0 1.6320E+02 300 5000 7 15
123. C7H1400H4-202 G 0 1.6320E+02 300 5000 7 15
124. C7H1401-3 G 0 1.1419E+02 300 5000 7 14
125. C7H1402-4 G 0 1.1419E+02 300 5000 7 14
126. NCTKET13 G 0 1.4619E+02 300 5000 7 14
127. NCTKET24 G 0 1.4619E+02 300 5000 7 14
128. NC7KET35 G 0 1.4619E+02 300 5000 7 14
129. NCTKET42 G 0 1.4619E+02 300 5000 7 14
130. C5H91-1 G 0 6.9127E+01 300 5000 5 9
131. CHCHCHO G 0 5.5057E+01 300 5000 3 3
132. IC3H7 G 0 4.3089E+01 300 5000 3 7
133. C3H600H1-202 G 0 1.0709E+02 300 5000 3 7
134. C3H600H2-102 G 0 1.0709E+02 300 5000 3 7
135. IC3H70 G 0 5.9089E+01 300 5000 3 7
136. C3KET12 G 0 9.0079E+01 300 5000 3 6
137. C3KET21 G 0 9.0079E+01 300 5000 3 6
138. C3H600H1-3 G 0 7.5088E+01 300 5000 3 7
139. C3H600H1-302 G 0 1.0709E+02 300 5000 3 7
140. IC3H702 G 0 7.5088E+01 300 5000 3 7
141. C3KET13 G 0 9.0079E+01 300 5000 3 6
(k = A T**b exp (-E/RT))
REACTIONS CONSIDERED A b E
1. H+02=0+0H 3.55E+15 -0.4 16600.0
Reverse Arrhenius coefficients: 1.03E+13 0.0 -133.0
2. O+H2=H+OH 5.08E+04 2.7 6292.0
Reverse Arrhenius coefficients: 2.64E+04 2.7 4880.0
3. OH+H2=H+H20 2.16E+08 1.5 3430.0
Reverse Arrhenius coefficients: 2.29E+09 1.4 18320.0
4. O+H20=OH+OH 2.97E+06 2.0 13400.0
Reverse Arrhenius coefficients: 1.45E+05 2.1 -2904.0
5. H2+M=H+H+M 4.58E+19 -1.4 104400.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
co Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00
Reverse Arrhenius coefficients: 1.14E+20 -1.7 820.0
6. 02+M=0+0+M 4.42E+17 -0.6 118900.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
AR Enhanced by 8.300E-01
co Enhanced by 1.900E+00
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

co2 Enhanced by 3
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 8
Reverse Arrhenius coefficients:
OH+M=0+H+M

H2 Enhanced by 2
H20 Enhanced by 1
AR Enhanced by 7
co Enhanced by 1
coz2 Enhanced by 2
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7
Reverse Arrhenius coefficients:
H20+M=H+OH+M

H2 Enhanced by 7
H20 Enhanced by 1
AR Enhanced by 3
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 3

Reverse Arrhenius coefficients:
H+02 (+M) =HO2 (+M)
Low pressure limit: 0.34820E+17

TROE centering: 0.50000E+00
H2 Enhanced by 1.
H20 Enhanced by 1
AR Enhanced by 6
co Enhanced by 1
co2 Enhanced by 3
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 6

HO2+H=H2+02

Reverse Arrhenius coefficients:
HO2+H=0H+OH

Reverse Arrhenius coefficients:
HO2+0=0H+02

Reverse Arrhenius coefficients:
HO2+0H=H20+02

Reverse Arrhenius coefficients:
H202+02=H02+HO2

Reverse Arrhenius coefficients:
Declared duplicate reaction...
H202+02=H02+HO2

Reverse Arrhenius coefficients:
Declared duplicate reaction...
H202 (+M) =OH+OH (+M)

Low pressure limit: 0.12020E+18

TROE centering: 0.50000E+00
H2 Enhanced by 2
H20 Enhanced by 1
AR Enhanced by 6
co Enhanced by 1
co2 Enhanced by 3
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 6

H202+H=H20+0H

Reverse Arrhenius coefficients:
H202+H=H2+HO2

Reverse Arrhenius coefficients:
H202+0=0H+HO2

Reverse Arrhenius coefficients:
H202+0H=H20+HO02

Reverse Arrhenius coefficients:
Declared duplicate reaction...
H202+0H=H20+HO02

Reverse Arrhenius coefficients:
Declared duplicate reaction...
CO+0 (+M) =CO2 (+M)

Low pressure limit: 0.13500E+25

H2 Enhanced by 2
02 Enhanced by 6
H20 Enhanced by 6
AR Enhanced by 5
co Enhanced by 1
co2 Enhanced by 3
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 5
CO+02=C02+0

Reverse Arrhenius coefficients:
CO+0OH=CO2+H

Reverse Arrhenius coefficients:
CO+HO2=C0O2+0H

Reverse Arrhenius coefficients:
HCO+M=H+CO+M

H2 Enhanced by 2
H20 Enhanced by 1
co Enhanced by 1
co2 Enhanced by 2
CH4 Enhanced by 2
C2H6 Enhanced by 3

.800E+00
.000E+00
.000E+00
.300E-01

6.16E+15
9.78E+17

.500E+00
.200E+01
.500E-01
.500E+00
.000E+00
.000E+00
.000E+00
.500E-01

4.71E+18
1.91E+23

.300E-01
.200E+01
.800E-01
.000E+00
.000E+00
.800E-01

4.50E+22
1.48E+12

-0.5
-0.7

-1.0
-1.8

-2.0
0.6

-0.41100E+00 -0.11150E+04

0.10000E-29 0.10000E+31

300E+00
.400E+01
.700E-01
.900E+00
.800E+00
.000E+00
.000E+00
.700E-01
1.66E+13
3.17E+12
7.08E+13
2.03E+10
3.25E+13
3.22E+12
2.89E+13
5.84E+13
1.14E+16
1.03E+14
2.14E+13
1.94E+11
2.95E+14

0.0

0.00000E+00 0.45500E+05

0.10000E-29 0.10000E+31

.500E+00
.200E+01
.400E-01
.900E+00
.800E+00
.000E+00
.000E+00
.400E-01
2.41E+13 0.0
1.26E+08 1.3
2.15E+10 1.0
3.72E+07 1.7
9.55E+06 2.0
8.57E+03 2.7
2.00E+12 0.0
3.66E+10 0.6
1.70E+18 0.0
3.12E+16 0.6
1.80E+10 0.0
-0.27880E+01 0.41910E+04
.000E+00
.000E+00
.000E+00
.000E-01
.500E+00
.500E+00
.000E+00
.000E+00
.000E-01
1.05E+12 0.0
8.04E+15 -0.8
1.78E+05 1.9
4.72E+11 0.7
1.57E+05 2.2
1.19E+08 1.7
4.75E+11 0.7
.000E+00
.200E+01
.500E+00
.000E+00
.000E+00
.000E+00
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0.0
102100.0

0.0
118500.0

0.10000E+11

823.0
55510.0
295.0
36840.0
0.0
53280.0
-497.0
69080.0
49730.0
11040.0

37280.0
-1409.0

48430.0

0.10000E+11

3970.0
71410.0
6000.0
22000.0
3970.0
18560.0
427.2
31320.0

29410.0
60300.0

2384.0

42540.0
51230.0
-1158.0
24260.0
17940.0
79910.0
14870.0



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Reverse Arrhenius coefficients:
HCO+02=CO+HO2
Reverse Arrhenius
HCO+H=CO+H2
Reverse Arrhenius
HCO+0=CO+0H
Reverse Arrhenius
HCO+0=CO2+H
Reverse Arrhenius
HCO+0OH=CO+H20
Reverse Arrhenius
HCO+CH3=CH4+CO
Reverse Arrhenius
HCO+HO2=CH20+02
Reverse Arrhenius
HCO+HO2=CO2+H+0H
Warning...all REV

coefficients:
coefficients:
coefficients:
coefficients:
coefficients:
coefficients:
coefficients:

parameters are

Zero...

3.58E+10 1.0

7.58E+12 0.0
1.20E+12 0.3
7.34E+13 0.0
2.21E+12 0.7
3.02E+13 0.0
4.72E+11 0.6
3.00E+13 0.0
1.24E+18 -0.6
1.02E+14 0.0
3.26E+13 0.6
2.65E+13 0.0
7.29E+14 0.2
2.50E+14 -0.1
8.07E+15 0.0
3.00E+13 0.0

0.00000E+00 O.

this reaction will be treated as irreversible

CH20+CO=HCO+HCO

Reverse Arrhenius coefficients:
HCO+HCO=H2+CO+CO

Warning...all REV parameters are

Zero...

9.19E+13 0.4
1.80E+13 0.0
3.00E+12 0.0

0.00000E+00 O.

this reaction will be treated as irreversible

HCO+H (+M) =CH20 (+M)
Low pressure limit:
TROE centering:

0.13500E+25
0.78240E+00

H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

CO+H2 (+M) =CH20 (+M)
Low pressure limit:
TROE centering:

0.50700E+28
0.93200E+00

H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

CH20+0H=HCO+H20
Reverse Arrhenius coefficients:
CH20+H=HCO+H2
Reverse Arrhenius
CH20+0=HCO+O0OH
Reverse Arrhenius
CH20+CH3=HCO+CH4
Reverse Arrhenius
CH20+HO2=HCO+H202
Reverse Arrhenius
HOCH20=CH20+0OH
Reverse Arrhenius coefficients:
CH30 (+M) =CH20+H (+M)
Low pressure limit:
TROE centering:

coefficients:

coefficients:

coefficients:

coefficients:

0.18670E+26
0.90000E+00

H2 Enhanced by 2.
H20 Enhanced by 6
co Enhanced by 1
co2 Enhanced by 2
CH4 Enhanced by 2
C2H6 Enhanced by 3

CH30+02=CH20+HO02
Reverse Arrhenius coefficients:
CH20+CH30=CH30H+HCO

Reverse Arrhenius coefficients:
CH4+CH30=CH3+CH30H

Reverse Arrhenius coefficients:
CH30+CH3=CH20+CH4

Reverse Arrhenius coefficients:
CH30+H=CH20+H2

Reverse Arrhenius coefficients:
CH30+HO2=CH20+H202

Reverse Arrhenius coefficients:
CH20+H (+M) =CH20H (+M)
Low pressure limit:
TROE centering:

0.12700E+33
0.71870E+00

H2 Enhanced by 2.
H20 Enhanced by 6
co Enhanced by 1
Cco2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3

CH20H+02=CH20+HO02

Reverse Arrhenius coefficients:
Declared duplicate reaction...
CH20H+02=CH20+HO02

Reverse Arrhenius coefficients:
Declared duplicate reaction...
CH20H+H=CH20+H2

Reverse Arrhenius coefficients:

-0.25700E+01
0.27100E+03
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00
.000E-01

-0.34200E+01
0.19700E+03
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00
.000E-01

-0.30000E+01
0.25000E+04
000E+00

.000E+00
.500E+00
.000E+00
.000E+00
.000E+00

-0.48200E+01
0.10300E+03
000E+00

.000E+00
.500E+00

000E+00

.000E+00
.000E+00

1.09E+12 0.5
0.14250E+04
0.27550E+04

4.30E+07 1.5
0.84348E+05
0.15400E+04

7.82E+07 1.6
4.90E+06 1.8
5.74E+07 1.9
3.39E+05 2.2
6.26E+09 1.1
1.92E+07 1.4
3.83E+01 3.4
2.06E+02 3.2
7.10E-03 4.5
2.43E-02 4.1
2.06E+21 -2.3
4.50E+15 -1.1
6.80E+13 0.0

0.24307E+05

0.13000E+04 0.10

4.38E-19 9.5

1.42E-20 9.8
6.62E+11 0.0
8.39E+10 0.1
6.12E+02 2.9
1.44E+01 3.1
1.20E+13 0.0
6.75E+13 0.2
2.00E+13 0.0
1.23E+11 0.7
3.01E+11 0.0
1.07E+12 0.0
5.40E+11 0.5
0.65300E+04
0.12910E+04 0.41
1.51E+15 -1.0
1.98E+14 -0.6
2.41E+14 0.0
3.15E+13 0.4
6.00E+12 0.0
1.50E+11 0.8

-457.3
410.0
33950.0
0.0
88230.0
0.0
86820.0
0.0
112200.0
0.0
103100.0
0.0
89770.0
13920.0
53420.0
0.0
00000E+00

73040.0
0.0

0.0

00000E+00

-260.0

0.65700E+04

79600.0

0.10300E+05

-1055.0
29030.0
2740.0
17930.0
2260.0
16040.0
4312.0
21040.0
6580.0
5769.0
25730.0
0.0
26170.0

000+100

-5501.0
21080.0
2294.0
17710.0
8248.0
6935.0
0.0
82810.0
0.0
81270.0
0.0
65270.0
3600.0

600E+04

0.0
20060.0

5017.0
25080.0

0.0
74750.0

0.00000E+00

0.00000E+00



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.

94.

95.

96.

CH20H+HO2=CH20+H202

Reverse Arrhenius coefficients:
CH20H+HCO=CH20+CH20

Reverse Arrhenius coefficients:
CH20H+CH30=CH20+CH30H

Reverse Arrhenius coefficients:
CH20H+CH20=CH30H+HCO

Reverse Arrhenius coefficients:
OH+CH20H=H20+CH20

Reverse Arrhenius coefficients:
O+CH20H=0H+CH20

Reverse Arrhenius coefficients:
CH20+CH30H=CH20H+CH20H

Reverse Arrhenius coefficients:
CH20H+HO2=HOCH20+0H

Reverse Arrhenius coefficients:
CH3O0H (+M) =CH3+OH (+M)

Low pressure limit: 0.29500E+45
TROE centering: 0.41400E+00
CH3OH (+M) =CH20H+H (+M)

Low pressure limit: 0.23400E+41
TROE centering: 0.77300E+00
CH30H+H=CH30+H2

Reverse Arrhenius coefficients:
CH30H+H=CH20H+H2

Reverse Arrhenius coefficients:
CH30H+0=CH20H+OH

Reverse Arrhenius coefficients:
CH30H+OH=CH30+H20

Reverse Arrhenius coefficients:

CH30H+OH=CH20H+H20
Reverse Arrhenius coefficients:
CH30H+02=CH20H+HO02

Reverse Arrhenius coefficients:
CH30H+HO2=CH20H+H202

Reverse Arrhenius coefficients:
CH30H+CH3=CH20H+CH4

Reverse Arrhenius coefficients:
CH30+CH30H=CH20H+CH30H

Reverse Arrhenius coefficients:
CH30H+CH20=CH30+CH30

Reverse Arrhenius coefficients:
CH3+H (+M) =CH4 (+M)
Low pressure limit:
TROE centering:

0.19816E+34
0.78300E+00

H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7
CH4+H=CH3+H2

Reverse Arrhenius coefficients:
CH4+0OH=CH3+H20

Reverse Arrhenius coefficients:
CH4+0=CH3+0H

Reverse Arrhenius coefficients:
CH4+HO2=CH3+H202

Reverse Arrhenius coefficients:
CH3+OH=CH20+H2

Reverse Arrhenius coefficients:
CH3+OH=CH30+H

Reverse Arrhenius coefficients:
CH3+OH=CH20H+H

Reverse Arrhenius coefficients:
CH3+HO2=CH30+0H

Reverse Arrhenius coefficients:
CH3+H02=CH4+02

Reverse Arrhenius coefficients:
CH3+0=CH20+H

Reverse Arrhenius coefficients:
CH3+02=CH30+0

Reverse Arrhenius coefficients:

CH3+02=CH20+0H

Reverse Arrhenius coefficients:
CH3+02 (+M) =CH302 (+M)
Low pressure limit:
TROE centering:
CH302+CH20=CH302H+HCO
Reverse Arrhenius coefficients:
CH4+CH302=CH3+CH302H

Reverse Arrhenius coefficients:
CH30H+CH302=CH20H+CH302H

Reverse Arrhenius coefficients:
CH302+CH3=CH30+CH30

Reverse Arrhenius coefficients:
CH302+HO2=CH302H+02

Reverse Arrhenius coefficients:
CH302+CH302=CH20+CH30H+02
Warning...all REV parameters are

0.68500E+25
0.60000E+00

-0.73500E+01
0.27900E+03

-0.63300E+01
0.69300E+03

-0.47600E+01
0.74000E+02
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00
.000E-01

-0.30000E+01
0.10000E+04

Zero...

1.20E+13 0.0 0.0
1.73E+14 0.1 58750.0
1.80E+14 0.0 0.0
7.60E+14 0.5 59560.0
2.40E+13 0.0 0.0
1.28E+13 0.6 74980.0
1.88E+04 2.7 4208.0
9.63E+03 2.9 13110.0
2.40E+13 0.0 0.0
6.35E+12 0.7 89640.0
4.20E+13 0.0 0.0
5.44E+11 0.7 73340.0
6.50E+12 0.7 68460.0
3.00E+12 0.0 0.0
1.00E+13 0.0 0.0
8.17E+13 0.0 33470.0
1.90E+16 0.0 91730.0
0.95460E+05
0.54590E+04 0.10000E+11
2.69E+16 -0.1 98940.0
0.10310E+06
0.53330E+04 0.10000E+11
3.60E+12 0.0 6095.0
1.68E+11 0.2 5868.0
1.20E+06 2.4 2583.0
1.39E+04 2.5 8871.0
3.88E+05 2.5 3080.0
2.32E+03 2.6 7956.0
5.13E+05 2.1 2450.0
2.53E+05 2.2 17120.0
1.44E+06 2.0 -839.0
1.76E+05 2.0 20340.0
2.05E+13 0.0 44900.0
1.24E+12 -0.2 -3501.0
1.08E+04 2.5 10530.0
7.20E+04 2.0 819.0
3.19E+01 3.2 7172.0
3.35E+02 2.8 15000.0
3.00E+11 0.0 4074.0
7.42E+10 -0.1 10590.0
7.98E+12 0.5 81490.0
6.03E+13 0.0 0.0
1.27E+16 -0.6 383.0

0.24440E+04

0.29400E+04 0.69600E+04

6.14E+05 2.5 9587.0
6.73E+02 2.9 8047.0
5.83E+04 2.6 2190.0
6.78E+02 2.9 15540.0
1.02E+09 1.5 8600.0
5.80E+05 1.9 5648.0
1.13E+01 3.7 21010.0
7.17E+00 3.5 3468.0
8.00E+09 0.5 -1755.0
1.07E+12 0.3 68210.0
6.94E+07 1.3 11200.0
1.50E+12 0.5 -110.0
3.09E+07 1.6 4506.0
1.65E+11 0.7 -284.0
1.00E+12 0.3 -687.5
6.19E+12 0.1 24550.0
1.16E+05 2.2 -3022.0
2.02E+07 2.1 53210.0
5.54E+13 0.1 -136.0
3.83E+15 -0.1 68410.0
7.55E+12 0.0 28320.0
4.72E+14 -0.5 288.0
2.64E+00 3.3 8105.0
5.28E-01 3.5 59920.0
7.81E+09 0.9 0.0

0.00000E+00

0.70000E+02 0.17000E+04

1.99E+12 0.0 11660.0
1.32E+14 -0.9 9259.0
1.81E+11 0.0 18480.0
2.23E+12 -0.7 -655.0
1.81E+12 0.0 13710.0
2.35E+14 -1.0 2404.0
5.08E+12 0.0 -1411.0
1.97E+12 0.2 28070.0
2.47E+11 0.0 -1570.0
5.30E+14 -0.8 35520.0
3.11E+14 -1.6 -1051.0

0.00000E+00 0.00000E+00

this reaction will be treated as irreversible

CH302+CH302=02+CH30+CH30
Warning...all REV parameters are

Zero...

1.40E+16 -1.6 1860.0
0.00000E+00 0.00000E+00

183

0.00000E+00

0.00000E+00



97.

98.

99.

100.

101.

102.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

this reaction will be treated as

CH302+H=CH30+0H

Reverse Arrhenius coefficients:
CH302+0=CH30+02

Reverse Arrhenius coefficients:
CH302+0H=CH30H+02

Reverse Arrhenius coefficients:
CH302H=CH30+0OH

Reverse Arrhenius coefficients:
CH3+CH3 (+M) =C2H6 (+M)

Low pressure limit: 0.11350E+37

TROE centering: 0.40500E+00
H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
coz2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

C2H5+H (+M) =C2H6 (+M)
Low pressure limit: 0.19900E+42

TROE centering: 0.84200E+00
H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
Cco2 Enhanced by 2
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

C2H6+H=C2H5+H2

Reverse Arrhenius coefficients:
C2H6+0=C2H5+0H

Reverse Arrhenius coefficients:
C2H6+0OH=C2H5+H20

Reverse Arrhenius coefficients:
C2H6+02=C2H5+HO02

Reverse Arrhenius coefficients:
C2H6+CH3=C2H5+CH4

Reverse Arrhenius coefficients:
C2H6+HO2=C2H5+H202

Reverse Arrhenius coefficients:
C2H6+CH302=C2H5+CH302H

Reverse Arrhenius coefficients:
C2H6+CH30=C2H5+CH30H

Reverse Arrhenius coefficients:
C2H4+H (+M) =C2HS5 (+M)

Low pressure limit: 0.12000E+43

TROE centering: 0.97500E+00
H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

H2+CH302=H+CH302H

Reverse Arrhenius coefficients:
H2+C2H502=H+C2H502H

Reverse Arrhenius coefficients:
C2H5+C2H3=C2H4+C2H4

Reverse Arrhenius coefficients:
CH3+C2H5=CH4+C2H4

Reverse Arrhenius coefficients:
C2H5+H=CH3+CH3

Reverse Arrhenius coefficients:
C2H5+H=C2H4+H2

Reverse Arrhenius coefficients:
C2H5+0=CH3CHO+H

Reverse Arrhenius coefficients:
C2H5+H02=C2H50+0H

Reverse Arrhenius coefficients:
CH302+C2H5=CH30+C2H50

Reverse Arrhenius coefficients:
C2H50+02=CH3CHO+HO2

Reverse Arrhenius coefficients:
C2H50=CH3+CH20

Reverse Arrhenius coefficients:
C2H50=CH3CHO+H

Reverse Arrhenius coefficients:
C2H502=C2H5+02

Reverse Arrhenius coefficients:
C2H502+CH20=C2H502H+HCO
Reverse Arrhenius coefficients:
CH4+C2H502=CH3+C2H502H

Reverse Arrhenius coefficients:
CH30H+C2H502=CH20H+C2H502H
Reverse Arrhenius coefficients:
C2H502+H02=C2H502H+02

Reverse Arrhenius coefficients:
C2H6+C2H502=C2H5+C2H502H
Reverse Arrhenius coefficients:
C2H502H=C2H50+0H

-0.52460E+01
0.11200E+04
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00
.000E-01

-0.70800E+01
0.12500E+03
000E+00

.000E+00
.000E-01
.500E+00
.000E+00
.000E+00
.000E+00
.000E-01

-0.76200E+01
0.21000E+03
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00
.000E-01

irreversible

9.60E+13
1.72E+09
3.60E+13
2.23E+11
6.00E+13
1.54E+13
6.31E+14
2.51E+06
9.21E+16

0.0
1.9
-1.2

0.17050E+04

0.69600E+02

5.21E+17

-1.0

0.66850E+04

0.22190E+04

1.15E+08
1.06E+04
3.55E+06
1.70E+02
1.48E+07
1.45E+04
6.03E+13
2.92E+10
5.48E-01
4.62E-02
6.92E+01
3.70E+00
1.94E+01
2.02E+01
2.41E+11
4.78E+08
1.08E+12

0.69700E+04

0.98400E+03

1.50E+14
1.69E+18
1.50E+14
1.69E+18
6.86E+11
4.82E+14
1.18E+04
2.39E+06
9.69E+13
2.03E+09
2.00E+12
4.44E+11
1.10E+14
1.03E+17
1.10E+13
9.68E+15
8.00E+12
4.40E+14
4.28E+10
1.32E+08
1.32E+20
3.00E+11
5.43E+15
8.00E+12
1.31E+62
2.88E+56
1.99E+12
1.32E+14
1.81E+11
2.24E+12
1.81E+12
2.35E+14
1.75E+10
3.76E+13
8.60E+00
8.96E+00
6.31E+14

0.0
40780.0
0.0
57520.0
0.0
59160.0
42300.0
-2875.0
635.8

0.10000E+11

1580.0

0.68820E+04

7530.0
9760.0
5830.0
6648.0
950.0
18070.0
51870.0
-593.0
8280.0
12050.0
16920.0
3151.0
17100.0
1734.0
7090.0
9547.0
1822.0

0.43740E+04

26030.0
8434.0
26030.0
8438.0
-4300.0
71530.0
-2921.0
66690.0
220.0
10510.0
0.0
68070.0
0.0
77420.0
0.0
27650.0
-1000.0
30890.0
1097.0
34130.0
20750.0
6336.0
22230.0
6400.0
49180.0
14620.0
11660.0
9263.0
18480.0
-651.0
13710.0
2408.0
-3275.0
33820.0
17200.0
1838.0
42300.0



131.

132.

133.

134.

135.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

166.

167.

168.

169.

170.

Reverse Arrhenius coefficients:
C2H5+02=C2H4+HO2

Reverse Arrhenius coefficients:
Declared duplicate reaction...
C2H5+02=C2H4+HO2

Reverse Arrhenius coefficients:
Declared duplicate reaction...
C2H5+02=CH3CHO+0OH

Reverse Arrhenius coefficients:
C2H502=CH3CHO+OH

Reverse Arrhenius coefficients:
C2H502=C2H4+HO2

Reverse Arrhenius coefficients:
C2H301-2=CH3CO

Reverse Arrhenius coefficients:
C2H301-2=CH2CHO

Reverse Arrhenius coefficients:
CH3CHO=CH3+HCO

Reverse Arrhenius coefficients:
CH3CHO+H=CH3CO+H2

Reverse Arrhenius coefficients:
CH3CHO+0=CH3CO+O0OH

Reverse Arrhenius coefficients:
CH3CHO+OH=CH3CO+H20

Reverse Arrhenius coefficients:
CH3CHO+02=CH3CO+HO2

Reverse Arrhenius coefficients:
CH3CHO+CH3=CH3CO+CH4

Reverse Arrhenius coefficients:
CH3CHO+HO2=CH3CO+H202

Reverse Arrhenius coefficients:
CH302+CH3CHO=CH302H+CH3CO
Reverse Arrhenius coefficients:
CH3CHO+CH3CO3=CH3CO+CH3CO3H
Reverse Arrhenius coefficients:
CH3CHO+OH=CH2CHO+H20

Reverse Arrhenius coefficients:
CH3CO (+M) =CH3+CO (+M)

Low pressure limit: 0.12000E+16
CH3CO+H=CH2CO+H2

Reverse Arrhenius coefficients:
CH3CO+0=CH2CO+0H

Reverse Arrhenius coefficients:
CH3CO+CH3=CH2CO+CH4

Reverse Arrhenius coefficients:
CH3CO3=CH3CO+02

Reverse Arrhenius coefficients:
CH3CO3+HO2=CH3CO3H+02

Reverse Arrhenius coefficients:
H202+CH3C0O3=HO2+CH3CO3H
Reverse Arrhenius coefficients:
CH4+CH3CO3=CH3+CH3CO3H

Reverse Arrhenius coefficients:
CH20+CH3CO3=HCO+CH3CO3H
Reverse Arrhenius coefficients:
C2H6+CH3CO3=C2H5+CH3CO3H
Reverse Arrhenius coefficients:
CH3CO3H=CH3CO2+0H

Reverse Arrhenius coefficients:
CH3CO2+M=CH3+CO2+M

Reverse Arrhenius coefficients:
CH2CHO=CH2CO+H

Reverse Arrhenius coefficients:
CH2CHO+02=CH20+CO+0OH
Warning...all REV parameters are

0.00000E+00

Zero...

this reaction will be treated as irreversible

CH2CO+H=CH3+CO

Reverse Arrhenius coefficients:
CH2CO+H=HCCO+H2

Reverse Arrhenius coefficients:
CH2CO+0=HCCO+0OH

Reverse Arrhenius coefficients:
CH2CO+0OH=HCCO+H20

Reverse Arrhenius coefficients:
CH2CO+0OH=CH20H+CO

Reverse Arrhenius coefficients:
HCCO+OH=H2+CO+CO

Warning...all REV parameters are

HCCO+0=H+CO+CO
Warning...all REV parameters are

HCCO+02=0H+CO+CO
Warning...all REV parameters are

C2H3+H (+M) =C2H4 (+M)
Low pressure limit: 0.14000E+31

TROE centering: 0.78200E+00
H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3

Zero...

zZero...

zZero...

-0.38600E+01
0.20750E+03
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00

5.66E+08 1.0 -1705.0
3.78E+14 -1.0 4749.0
4.40E+14 -1.0 18130.0
4.00E-01 3.9 13620.0
4.66E-01 3.9 27000.0
8.26E+02 2.4 5285.0
2.25E+03 2.3 65970.0
2.52E+41 -10.2 43710.0
1.50E+36 -9.3 69840.0
1.82E+38 -8.4 37890.0
4.63E+32 -7.4 16700.0
8.50E+14 0.0 14000.0
1.00E+14 0.0 48710.0
1.00E+14 0.0 14000.0
1.24E+15 -0.4 44010.0
7.69E+20 -1.3 86950.0
1.75E+13 0.0 0.0
2.37E+13 0.0 3642.0
1.64E+10 0.6 17600.0
5.94E+12 0.0 1868.0
2.13E+09 0.6 14410.0
3.37E+12 0.0 -619.0
2.47E+10 0.5 28230.0
3.01E+13 0.0 39150.0
1.09E+11 0.3 -1588.0
7.08E-04 4.6 1966.0
4.47E-04 4.8 17460.0
3.01E+12 0.0 11920.0
1.20E+12 -0.1 9877.0
3.01E+12 0.0 11920.0
2.34E+13 -0.5 8282.0
3.01E+12 0.0 11920.0
1.92E+12 0.0 12650.0
1.72E+05 2.4 815.0
1.33E+05 2.5 24950.0
3.00E+12 0.0 16720.0
0.12518E+05
2.00E+13 0.0 0.0
1.04E+13 0.2 60560.0
2.00E+13 0.0 0.0
5.38E+12 0.2 59140.0
5.00E+13 0.0 0.0
2.36E+16 -0.2 62100.0
6.86E+19 -1.9 38530.0
1.20E+11 0.0 -1100.0
1.75E+10 0.0 -3275.0
3.08E+12 -0.3 38180.0
2.41E+12 0.0 9936.0
3.84E+12 0.1 12710.0
1.81E+11 0.0 18480.0
1.83E+11 -0.2 3711.0
1.99E+12 0.0 11660.0
1.08E+13 -0.4 13620.0
1.70E+13 0.0 20460.0
1.45E+12 0.0 9460.0
5.01E+14 0.0 40150.0
3.62E+07 1.8 1338.0
4.40E+15 0.0 10500.0
4.55E+08 1.4 17520.0
4.07E+15 -0.3 50600.0
5.00E+13 0.0 12300.0
8.95E+13 -0.6 10120.0
0.00000E+00 0.00000E+00
1.10E+13 0.0 3400.0
2.40E+12 0.0 40200.0
2.00E+14 0.0 8000.0
1.43E+11 0.5 4520.0
1.00E+13 0.0 8000.0
3.72E+09 0.5 3108.0
1.00E+13 0.0 2000.0
7.60E+10 0.4 13410.0
2.00E+12 0.0 -1010.0
8.17E+09 0.5 24530.0
1.00E+14 0.0 0.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

8.00E+13

0.0

0.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

4.20E+10

0.0

850.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

6.08E+12

0.3

0.33200E+04

0.26630E+04

185

280.0

0.60950E+04

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

186.

187.

188.

189.

190.

191.

192.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

HE Enhanced by 7.

C2H4 (+M) =C2H2+H2 (+M)
Low pressure limit: 0.70000E+51

TROE centering: 0.73450E+00
H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
Cco2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

C2H4+H=C2H3+H2

Reverse Arrhenius coefficients:
C2H4+0=CH3+HCO

Reverse Arrhenius coefficients:
C2H4+0=CH2CHO+H

Reverse Arrhenius coefficients:
C2H4+OH=C2H3+H20

Reverse Arrhenius coefficients:
C2H4+CH3=C2H3+CH4

Reverse Arrhenius coefficients:
C2H4+02=C2H3+HO02

Reverse Arrhenius coefficients:
C2H4+CH30=C2H3+CH30H

Reverse Arrhenius coefficients:
C2H4+CH302=C2H3+CH302H

Reverse Arrhenius coefficients:
C2H4+C2H502=C2H3+C2H502H
Reverse Arrhenius coefficients:
C2H4+CH3CO3=C2H3+CH3CO3H
Reverse Arrhenius coefficients:
C2H3 (+M) =C2H2+H (+M)

Low pressure limit: 0.25650E+28

TROE centering: 0.19816E+01
H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
co2 Enhanced by 2
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

C2H3+02=C2H2+H02

Reverse Arrhenius coefficients:
C2H3+02=CH20+HCO

Reverse Arrhenius coefficients:
C2H3+02=CH2CHO+0

Reverse Arrhenius coefficients:
CH3+C2H3=CH4+C2H2

Reverse Arrhenius coefficients:
C2H3+H=C2H2+H2

Reverse Arrhenius coefficients:
C2H3+OH=C2H2+H20

Reverse Arrhenius coefficients:
C2H2+02=HCCO+0OH

Reverse Arrhenius coefficients:
C2H2+0=HCCO+H

Reverse Arrhenius coefficients:
C2H2+0H=CH2CO+H

Reverse Arrhenius coefficients:
C2H2+0H=CH3+CO

Reverse Arrhenius coefficients:
CH3COCH2=CH2CO+CH3

Reverse Arrhenius coefficients:
CH3COCH202=CH3COCH2+02

Reverse Arrhenius coefficients:
CH20+CH3COCH202=HCO+CH3COCH202H
Reverse Arrhenius coefficients:
HO2+CH3COCH202=CH3COCH202H+02
Warning...all REV parameters are

000E-01

-0.93100E+01
0.18000E+03
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00
.000E-01

-0.34000E+01
0.53837E+04
000E+00

.000E+00
.000E-01
.500E+00
.000E+00
.000E+00
.000E+00
.000E-01

Zero...

8.00E+12

0.4

0.99860E+05

0.10350E+04

5.07E+07
1.60E+04
8.56E+06
3.30E+02
4.99E+06
1.54E409
1.80E+06
6.03E+03
6.62E+00
1.91E+400
4.00E+13
6.63E+10
1.20E+11
8.14E+08
2.23E+12
7.93E+12
2.23E+12
7.94E+12
1.13E+13
3.30E+12
3.86E+08

1.9

1.9

-0.1
1.6

0.35799E+05
0.42932E+01 -0.79500E-01

5.19E+15
2.66E+16
8.50E+28
3.99E+27
5.50E+14
3.00E+18
3.92E+11
3.50E+14
9.64E+13
9.43E+13
3.01E+13
3.12E+14
2.00E+08
2.04E+06
5.30E+04
1.87E+05
3.24E+13
3.06E+17
4.83E-04
3.49E-06
1.00E+14
1.00E+11
2.02E+15
1.20E+11
1.29E+11
2.51E+10
1.00E+12

this reaction will be treated as irreversible

CH3COCH202H=CH3COCH20+0H
Reverse Arrhenius coefficients:
CH3COCH20=CH3CO+CH20

Reverse Arrhenius coefficients:
C2H3CHO=C2H3+HCO

Reverse Arrhenius coefficients:
C2H3CHO+H=C2H3CO+H2

Reverse Arrhenius coefficients:
C2H3CHO+0=C2H3CO+0H

Reverse Arrhenius coefficients:
C2H3CHO+OH=C2H3CO+H20

Reverse Arrhenius coefficients:
C2H3CHO+02=C2H3CO+HO2

Reverse Arrhenius coefficients:
C2H3CHO+HO2=C2H3CO+H202

Reverse Arrhenius coefficients:
C2H3CHO+CH3=C2H3CO+CH4

Reverse Arrhenius coefficients:
C2H3CHO+C2H3=C2H3CO+C2H4
Reverse Arrhenius coefficients:
C2H3CHO+CH30=C2H3CO+CH30H
Reverse Arrhenius coefficients:
C2H3CHO+CH302=C2H3CO+CH302H

1.00E+16
4.24E+08
3.73E+20
1.00E+11
2.00E+24
1.81E+13
1.34E+13
3.31E+10
5.94E+12
7.62E+09
9.24E+06
2.42E+05
1.00E+13
1.30E+11
3.01E+12
4.30E+12
2.61E+06
5.88E+06
1.74E+12
1.00E+13
1.00E+12
5.30E+10

88770.0

0.54170E+04

12950.0
5190.0
183.0
26140.0
183.0
18780.0
2500.0
9632.0
9500.0
3280.0
58200.0
-4249.0
6750.0
-783.0
17190.0
-8167.0
17190.0
-8163.0
30430.0
9440.0
37050.0

-1.2 3310.0
-1.3 17860.0
-5.3 6500.0
-4.9 93450.0
-0.6 5260.0
-1.4 16300.0
0.0 0.0
-0.2 70780.0
0.0 0.0
0.3 69240.0
0.0 0.0
0.1 84130.0
1.5 30100.0
1.5 32270.0
2.7 2360.0
2.3 21260.0
0.0 12000.0
-0.8 35790.0
4.0 -2000.0
4.6 52120.0
0.0 31000.0
0.0 6000.0
-1.0 24460.0
0.0 -1100.0
0.0 9000.0
0.0 10100.0
0.0 0.0
0.00000E+00 0.00000E+00
0.0 43000.0
1.7 -4342.0
-2.2 17260.0
0.0 11900.0
-2.1 103400.0
0.0 0.0
0.0 3300.0
0.6 22680.0
0.0 1868.0
0.6 19840.0
1.5 -962.0
2.0 33310.0
0.0 40700.0
0.3 5391.0
0.0 11920.0
-0.1 15300.0
1.8 5911.0
1.9 26830.0
0.0 8440.0
0.0 28000.0
0.0 3300.0
0.4 22910.0
0.0 11920.0

3.01E+12

0.00000E+00
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Reverse Arrhenius coefficients:
C2H3CO=C2H3+CO

Reverse Arrhenius coefficients:
C2H5CHO=C2H5+HCO

Reverse Arrhenius coefficients:
C2H5CHO+H=C2H5CO+H2

Reverse Arrhenius coefficients:
C2H5CHO+0=C2H5CO+0H

Reverse Arrhenius coefficients:
C2H5CHO+OH=C2H5CO+H20

Reverse Arrhenius coefficients:
C2H5CHO+CH3=C2H5CO+CH4

Reverse Arrhenius coefficients:
C2H5CHO+HO2=C2H5CO+H202

Reverse Arrhenius coefficients:
C2H5CHO+CH30=C2H5CO+CH30H
Reverse Arrhenius coefficients:
C2H5CHO+CH302=C2H5C0O+CH302H
Reverse Arrhenius coefficients:
C2H5CHO+C2H5=C2H5CO+C2H6
Reverse Arrhenius coefficients:
C2H5CHO+C2H502=C2H5CO+C2H502H
Reverse Arrhenius coefficients:
C2H5CHO+02=C2H5CO+HO02

Reverse Arrhenius coefficients:
C2H5CHO+CH3C03=C2H5CO+CH3CO3H
Reverse Arrhenius coefficients:
C2H5CHO+C2H3=C2H5C0O+C2H4
Reverse Arrhenius coefficients:
C2H5C0=C2H5+CO

Reverse Arrhenius coefficients:
C3H8 (+M) =CH3+C2H5 (+M)

Low pressure limit: 0.56400E+75

TROE centering: 0.31000E+00
H2 Enhanced by 2.
H20 Enhanced by 6
AR Enhanced by 7
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3
HE Enhanced by 7

C3H8=NC3H7+H

Reverse Arrhenius coefficients:
C3H8=IC3H7+H

Reverse Arrhenius coefficients:
C3H8+02=IC3H7+HO2

Reverse Arrhenius coefficients:
C3H8+02=NC3H7+HO2

Reverse Arrhenius coefficients:
H+C3H8=H2+IC3H7

Reverse Arrhenius coefficients:
H+C3H8=H2+NC3H7

Reverse Arrhenius coefficients:
C3H8+0=IC3H7+0H

Reverse Arrhenius coefficients:
C3H8+0=NC3H7+0H

Reverse Arrhenius coefficients:
C3H8+0OH=NC3H7+H20

Reverse Arrhenius coefficients:
C3H8+0H=IC3H7+H20

Reverse Arrhenius coefficients:
C3H8+HO2=IC3H7+H202

Reverse Arrhenius coefficients:
C3H8+HO2=NC3H7+H202

Reverse Arrhenius coefficients:
CH3+C3H8=CH4+IC3H7

Reverse Arrhenius coefficients:
CH3+C3H8=CH4+NC3H7

Reverse Arrhenius coefficients:
IC3H7+C3H8=NC3H7+C3H8

Reverse Arrhenius coefficients:
C2H3+C3H8=C2H4+IC3H7

Reverse Arrhenius coefficients:
C2H3+C3H8=C2H4+NC3H7

Reverse Arrhenius coefficients:
C2H5+C3H8=C2H6+IC3H7

Reverse Arrhenius coefficients:
C2H5+C3H8=C2H6+NC3H7

Reverse Arrhenius coefficients:
C3H8+C3H5-A=NC3H7+C3H6

Reverse Arrhenius coefficients:
C3H8+C3H5-A=IC3H7+C3H6

Reverse Arrhenius coefficients:
C3H8+CH30=NC3H7+CH30H

Reverse Arrhenius coefficients:
C3H8+CH30=IC3H7+CH30H

Reverse Arrhenius coefficients:
CH302+C3H8=CH302H+NC3H7

Reverse Arrhenius coefficients:
CH302+C3H8=CH302H+IC3H7

Reverse Arrhenius coefficients:
C2H502+C3H8=C2H502H+NC3H7
Reverse Arrhenius coefficients:
C2H502+C3H8=C2H502H+IC3H7

-0.15740E+02
0.50000E+02
000E+00

.000E+00
.000E-01
.500E+00

000E+00

.000E+00
.000E+00
.000E-01

8.37E+13
1.37E+21
1.51E+11
1.50E+27
1.81E+13
4.00E+13
2.38E+10
5.00E+12
1.54E+09
2.69E+10
1.70E+08
2.61E+06
1.41E+06
2.80E+12
9.63E+11
1.00E+12
1.28E+10
3.01E+12
2.01E+13
1.00E+12
6.43E+12
3.01E+12
2.02E+13
1.00E+13
3.13E+10
3.01E+12
1.65E+12
1.70E+12
3.20E+12
2.46E+23
1.51E+11
1.29E+37

0.0
0.1
-3.2
0.0
-5.8

0.98714E+05

0.30000E+04

3.75E+17
1.00E+14
2.38E+18
1.00E+14
2.00E+13
1.76E+09
6.00E+13
3.35E+10
1.30E+06
2.19E+01
3.49E+05
3.72E+01
5.49E+05
4.79E+00
3.71E+06
2.05E+02
1.05E+10
1.19E+07
4.67E+07
8.33E+03
6.32E+01
6.15E-01
4.08E+01
2.52E+00
6.40E+04
9.82E+02
9.04E-01
8.79E-02
3.00E+10
3.00E+10
1.00E+11
1.31E+11
1.00E+11
1.31E+11
1.00E+11
3.63E+10
1.00E+11
3.63E+10
7.94E+11
5.37E+16
7.94E+11
5.37E+16
3.00E+11
1.22E+10
3.00E+11
1.22E+10
1.39E+00
1.66E+00
1.02E+01
1.93E+00
1.39E+00
1.67E+00
1.02E+01

13710.0
39410.0
4810.0
87040.0

0.0
4200.0
18130.0
1790.0
14310.0
-340.0
28480.0
5911.0

21380.0
13600.0

11530.0

3300.0

17460.0
11920.0
8260.0

8000.0

19700.0
11920.0
8264.0

17550.0
4810.0
97380.0

0.90000E+04

101200.0

18280.0
3028.0
14810.0
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Reverse Arrhenius coefficients:
C3H8+CH3CO3=IC3H7+CH3CO3H
Reverse Arrhenius coefficients:
C3H8+CH3CO3=NC3H7+CH3CO3H
Reverse Arrhenius coefficients:
IC3H7=H+C3H6

Reverse Arrhenius coefficients:
IC3H7+H=C2H5+CH3

Reverse Arrhenius coefficients:
IC3H7+02=C3H6+HO02

Reverse Arrhenius coefficients:
IC3H7+0H=C3H6+H20

Reverse Arrhenius coefficients:
IC3H7+0=CH3CHO+CH3

Reverse Arrhenius coefficients:
NC3H7=CH3+C2H4

Reverse Arrhenius coefficients:
NC3H7=H+C3H6

Reverse Arrhenius coefficients:
NC3H7+02=C3H6+HO2

Reverse Arrhenius coefficients:
C2H5CHO+NC3H7=C2H5CO+C3H8
Reverse Arrhenius coefficients:
C2H5CHO+IC3H7=C2H5CO+C3H8
Reverse Arrhenius coefficients:
C2H5CHO+C3H5-A=C2H5CO+C3H6
Reverse Arrhenius coefficients:
C2H3+CH3 (+M) =C3H6 (+M)

Low pressure limit: 0.42700E+59 -0.11940E+02
0.17500E+00

TROE centering:
C3H6=C3H5-A+H
Reverse Arrhenius coefficients:
C3H6=C3H5-S+H

Reverse Arrhenius coefficients:
C3H6+0=C2H5+HCO

Reverse Arrhenius coefficients:
C3H6+0=CH2CO+CH3+H

Warning...all REV parameters are zero...

C3H6+0=C3H5-A+0H

Reverse Arrhenius coefficients:
C3H6+0=C3H5-S+0H

Reverse Arrhenius coefficients:
C3H6+0H=C3H5-A+H20

Reverse Arrhenius coefficients:
C3H6+0H=C3H5-S+H20

Reverse Arrhenius coefficients:
C3H6+HO2=C3H5-A+H202

Reverse Arrhenius coefficients:
C3H6+HO2=C3H5-S+H202

Reverse Arrhenius coefficients:
C3H6+H=C3H5-A+H2

Reverse Arrhenius coefficients:
C3H6+H=C3H5-S+H2

Reverse Arrhenius coefficients:
C3H6+H=C2H4+CH3

Reverse Arrhenius coefficients:
C3H6+02=C3H5-A+HO2

Reverse Arrhenius coefficients:
C3H6+02=C3H5-S+HO02

Reverse Arrhenius coefficients:
C3H6+CH3=C3H5-A+CH4

Reverse Arrhenius coefficients:
C3H6+CH3=C3H5-S+CH4

Reverse Arrhenius coefficients:
C3H6+C2H5=C3H5-A+C2H6

Reverse Arrhenius coefficients:
C3H6+CH3CO3=C3H5-A+CH3CO3H
Reverse Arrhenius coefficients:
C3H6+CH302=C3H5-A+CH302H
Reverse Arrhenius coefficients:
C3H6+C2H502=C3H5-A+C2H502H
Reverse Arrhenius coefficients:
C3H5-A=C2H2+CH3

Reverse Arrhenius coefficients:
C3H5-A+HO2=C3H50+0H

Reverse Arrhenius coefficients:
C3H5-A+CH302=C3H50+CH30
Reverse Arrhenius coefficients:
C3H5-A+C2H5=C2H4+C3H6

Reverse Arrhenius coefficients:
C3H5-A+02=CH2CHO+CH20

Reverse Arrhenius coefficients:
C3H5-A+02=C2H3CHO+0OH

Reverse Arrhenius coefficients:
C3H5-A+02=C2H2+CH20+0H

1.93E+00 3.4
2.00E+12 0.0
3.10E+10 0.3
1.70E+13 0.0
1.67E+12 0.0
6.92E+13 0.0

2.64E+13 0.0
2.00E+13 0.0
4.34E+07 1.2
4.50E-19 0.0
2.00E-19 0.0
2.41E+13 0.0
2.98E+12 0.6
4.82E+13 0.0

1.28E+11 0.8
9.97E+40 -8.6
1.90E+34 -7.0
8.78E+39 -8.1
2.07E+37 -7.4
3.00E-19 0.0
2.00E-19 0.0
1.70E+12 0.0
1.90E+14 0.0
1.70E+12 0.0
1.90E+14 0.0
1.70E+12 0.0
1.00E+13 0.0
2.50E+13 0.0

0.97698E+04

2094.0
17000.0
8650.0
20460.0
9570.0
37690.0
2160.0
0.0
8620.0
5020.0
17500.0
0.0
83820.0
0.0
86480.0
41430.0
17100.0
46580.0
12020.0
3000.0
17500.0
8440.0
18790.0
8440.0
18790.0
8440.0
28000.0
0.0

0.60000E+05 0.10140E+05

2.01E+61 -13.3
2.04E+61 -13.5
7.71E+69 -16.1
2.55E+67 -15.9

1.58E+07 1.8
9.19E+01 2.7
2.50E+07 1.8

118500.0
30610.0
140000.0
28690.0
-1216.0
23110.0
76.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

5.24E+11 0.7
1.10E+11 0.7

1.20E+11 0.7
8.24E+07 1.2

3.12E+06 2.0
1.34E+07 1.9

2.11E+06 2.0
2.96E+04 2.4

2.70E+04 2.5
6.34E+06 1.8

1.80E+04 2.5

1.38E+04 2.3
1.73E+05 2.5

7.02E+04 2.5
8.04E+05 2.5
1.06E+03 3.0
2.30E+13 0.0
7.27E+07 1.3
4.00E+12 0.0
8.51E+12 -0.3

2.00E+12 0.0
1.39E+10 0.2
2.21E+00 3.5
8.18E+02 3.1
1.35E+00 3.5

1.63E+00 3.6
1.00E+11 0.0
5.37E+05 1.3
3.24E+11 0.0
2.00E+10 0.0
3.24E+11 0.0
2.00E+10 0.0
3.24E+11 0.0
2.00E+10 0.0
2.40E+48 -9.9
2.61E+46 -9.8
7.00E+12 0.0
1.60E+12 0.1
7.00E+12 0.0
1.99E+15 -0.7
4.00E+11 0.0
6.94E+16 -1.3
7.14E+15 -1.2
4.94E+16 -1.4
2.47E+13 -0.4
1.99E+13 -0.6
9.72E+29 -5.7

5884.0
20150.0
8959.0
-207.0
-298.0
30270.0
2778.0
9916.0
12340.0
12010.0
27620.0
3864.0
2492.0
18170.0
12280.0
4526.0
2547.0
11200.0
39900.0
887.0
62900.0
459.0
5675.0
22890.0
12850.0
6635.0
9800.0
16440.0
14900.0
15000.0
14900.0
15000.0
14900.0
15000.0
82080.0
36950.0
-1000.0
11660.0
-1000.0
17020.0
0.0
52800.0
21050.0
88620.0
23020.0
75140.0
21450.0

0.00000E+00 0.00000E+00

Warning...all REV parameters are zero...
this reaction will be treated as irreversible

C3H5-S=C2H2+CH3 9.60E+39 -8.2 42030.0
Reverse Arrhenius coefficients: 1.61E+40 -8.6 20330.0
C3H5-S+02=CH3CHO+HCO 4.34E+12 0.0 0.0
Reverse Arrhenius coefficients: 1.61E+17 -1.3 96530.0
NC3H7+HO2=NC3H70+0H 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 6.22E+15 -0.7 25310.0
IC3H7+HO2=IC3H70+0H 7.00E+12 0.0 -1000.0

188

0.00000E+00

0.00000E+00
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Reverse Arrhenius coefficients: 1.05E+16 -0.6 27320.0

CH302+NC3H7=CH30+NC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 3.89E+14 -0.4 29550.0
CH302+IC3H7=CH30+IC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 6.57E+14 -0.3 31560.0
NC3H702=NC3H7+02 2.40E+20 -1.6 35960.0
Reverse Arrhenius coefficients: 4.52E+12 0.0 0.0
IC3H702=IC3H7+02 3.13E+22 -2.2 38160.0
Reverse Arrhenius coefficients: 7.54E+12 0.0 0.0
NC3H702+CH302=NC3H70+CH30+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
IC3H702+CH302=IC3H70+CH30+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
IC3H702+CH3CO3=IC3H70+CH3C02+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
NC3H702+CH3CO3=NC3H70+CH3C02+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
IC3H702+C2H502=IC3H70+C2H50+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
NC3H702+C2H502=NC3H70+C2H50+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
IC3H702+IC3H702=02+IC3H70+IC3H70 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
NC3H702+NC3H702=02+NC3H70+NC3H70 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
IC3H702+NC3H702=IC3H70+NC3H70+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
IC3H702+CH3=IC3H70+CH30 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.14E+11 0.7 26720.0
IC3H702+C2H5=IC3H70+C2H50 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.63E+13 0.1 29130.0
IC3H702+IC3H7=IC3H70+IC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 2.78E+13 0.3 29800.0
IC3H702+NC3H7=IC3H70+NC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.64E+13 0.1 27800.0
IC3H702+C3H5-A=IC3H70+C3H50 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 4.24E+09 0.9 14140.0
NC3H702+CH3=NC3H70+CH30 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 5.30E+12 0.0 26920.0
NC3H702+C2H5=NC3H70+C2H50 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 7.54E+14 -0.6 29330.0
NC3H702+IC3H7=NC3H70+IC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.29E+15 -0.4 30000.0
NC3H702+NC3H7=NC3H70+NC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 7.61E+14 -0.6 28000.0
NC3H702+C3H5-A=NC3H70+C3H50 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.96E+11 0.2 14340.0
NC3H70=C2H5+CH20 2.72E+21 -2.4 15700.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 3496.0
NC3H70=C2H5CHO+H 8.90E+10 0.7 19800.0
Reverse Arrhenius coefficients: 4.00E+12 0.0 6260.0
IC3H70=CH3+CH3CHO 5.33E+19 -1.7 17140.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 9256.0
NC3H702=C3H600H1-2 6.00E+11 0.0 26850.0
Reverse Arrhenius coefficients: 1.12E+08 0.6 11720.0
NC3H702=C3H600H1-3 1.12E+11 0.0 24400.0
Reverse Arrhenius coefficients: 2.72E+11 -0.5 8936.0
C3H600H1-2=C3H6+HO02 7.83E+15 -1.3 15950.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 11000.0
C3H600H1-3=0H+CH20+C2H4 3.04E+15 -0.8 27400.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3H600H1-2=C2H4+CH20+0H 1.31E+33 -7.0 48120.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3H600H1-202=C3H600H1-2+02 2.39E+25 -2.9 40100.0
Reverse Arrhenius coefficients: 5.00E+12 0.0 0.0
C3H600H1-302=C3H600H1-3+02 2.85E+20 -1.6 35690.0
Reverse Arrhenius coefficients: 4.52E+12 0.0 0.0
C3H600H1-202=C3KET12+0H 6.00E+11 0.0 26400.0
Reverse Arrhenius coefficients: 9.25E+04 1.3 48920.0
C3H600H1-302=C3KET13+0H 7.50E+10 0.0 21400.0
Reverse Arrhenius coefficients: 4.10E+03 1.5 44740.0
C3H600H2-102=C3KET21+0H 3.00E+11 0.0 23850.0
Reverse Arrhenius coefficients: 1.40E+03 1.8 49750.0
C3KET12=CH3CHO+HCO+OH 9.45E+15 0.0 43000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3KET13=CH20+CH2CHO+OH 1.00E+16 0.0 43000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3KET21=CH20+CH3CO+0H 1.00E+16 0.0 43000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3H50=C2H3CHO+H 1.00E+14 0.0 29100.0
Reverse Arrhenius coefficients: 1.68E+14 -0.2 19690.0
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C3H50=C2H3+CH20

Reverse Arrhenius coefficients:

C3H50+02=C2H3CHO+HO2

Reverse Arrhenius coefficients:

IC3H702=C3H6+HO2

Reverse Arrhenius coefficients:

NC3H702=C3H6+H02

Reverse Arrhenius coefficients:

PC4H9=C2H5+C2H4

Reverse Arrhenius coefficients:

PC4H9=C4H8-1+H

Reverse Arrhenius coefficients:

PC4H9+02=C4H8-1+HO2

Reverse Arrhenius coefficients:

C4H8-1=C3H5-A+CH3

Reverse Arrhenius coefficients:

C4H8-1=C2H3+C2H5

Reverse Arrhenius coefficients:

C4H8-1=H+C4H71-3

Reverse Arrhenius coefficients:

C4H8-1+02=C4H71-3+HO02

Reverse Arrhenius coefficients:

C4H8-1+0=C4H71-3+0H

Reverse Arrhenius coefficients:

C4H8-1+H=C4H71-3+H2

Reverse Arrhenius coefficients:

C4H8-1+0H=C4H71-3+H20

Reverse Arrhenius coefficients:

C4H8-1+CH3=C4H71-3+CH4

Reverse Arrhenius coefficients:

C4H8-1+HO2=C4H71-3+H202

Reverse Arrhenius coefficients:

C4H8-1+CH302=C4H71-3+CH302H

Reverse Arrhenius coefficients:

C4H8-1+CH30=C4H71-3+CH30H

Reverse Arrhenius coefficients:

C4H8-1+CH3C0O3=C4H71-3+CH3CO3H

Reverse Arrhenius coefficients:

C4H8-1+C3H5-A=C4H71-3+C3H6

Reverse Arrhenius coefficients:

C4H8-1+C4H6=C4H71-3+C4H71-3

Reverse Arrhenius coefficients:

C4H8-1+C2H502=C4H71-3+C2H502H

Reverse Arrhenius coefficients:

C4H71-3=C4H6+H

Reverse Arrhenius coefficients:

C4H71-3+C2H5=C4H8-1+C2H4

Reverse Arrhenius coefficients:

C4H71-3+CH30=C4H8-1+CH20

Reverse Arrhenius coefficients:

C4H71-3+0=C2H3CHO+CH3

Reverse Arrhenius coefficients:

C4H71-3+H02=C4H70+0H

Reverse Arrhenius coefficients:

C4H71-3+CH302=C4H70+CH30

Reverse Arrhenius coefficients:

C3H5-A+C4H71-3=C3H6+C4H6

Reverse Arrhenius coefficients:

C4H71-3+02=C4H6+HO2

Reverse Arrhenius coefficients:

H+C4H71-3=C4H6+H2

Reverse Arrhenius coefficients:

C2H5+C4H71-3=C4H6+C2H6

Reverse Arrhenius coefficients:

C2H3+C4H71-3=C2H4+C4H6

Reverse Arrhenius coefficients:

C4H71-3+C2H502=C4H70+C2H50

Reverse Arrhenius coefficients:

IC3H702+C4H71-3=IC3H70+C4H70

Reverse Arrhenius coefficients:

NC3H702+C4H71-3=NC3H70+C4H70

Reverse Arrhenius coefficients:

C4H70=CH3CHO+C2H3

Reverse Arrhenius coefficients:

C4H70=C2H3CHO+CH3

Reverse Arrhenius coefficients:

C4H6=C2H3+C2H3

Reverse Arrhenius coefficients:

C4H6+0OH=C2H5+CH2CO

Reverse Arrhenius coefficients:

C4H6+OH=CH20+C3H5-A

Reverse Arrhenius coefficients:

C4H6+OH=C2H3+CH3CHO

Reverse Arrhenius coefficients:

C4H6+0=C2H4+CH2CO

Reverse Arrhenius coefficients:

C2H3+C2H4=C4H6+H

Reverse Arrhenius coefficients:

PC4H902=PC4H9+02

Reverse Arrhenius coefficients:

IC3H702+PC4H9=IC3H70+PC4H90

Reverse Arrhenius coefficients:

NC3H702+PC4H9=NC3H70+PC4H90

Reverse Arrhenius coefficients:

PC4H902+HO2=PC4H90+0H+02

1.46E+20
1.50E+11
1.00E+12
1.29E+11
1.20E+43
2.30E+33
4.31E+36
1.02E+28
3.50E+12
1.32E+04
2.62E+12
2.50E+11
8.37E-01
1.67E-01
5.08E+19
1.35E+13
2.88E+23
9.00E+12
3.72E+14
5.00E+13
2.00E+13
4.65E+12
1.75E+11
4.88E+09
1.73E+05
9.28E+03
3.12E406
1.78E+06
2.21E+00
1.08E+02
2.70E+04
8.38E+05
2.70E+04
1.63E+07
4.00E+01
2.47E+02
1.00E+11
2.00E+10
7.90E+10
1.00E+11
2.35E+12
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3.16E+11
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5.00E+11
1.00E+13
2.85E+20
4.52E+12
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35090.0
10600.0
6000.0
32000.0
41530.0
16710.0
39510.0
19440.0
29470.0
6130.0
35700.0
2620.0
11960.0
27750.0
76510.0
0.0
101600.0

0.0
66330.0
0.0
81630.0
0.0
15530.0
0.0
20290.0
0.0
50000.0
0.0
17000.0
0.0
56810.0
0.0
49840.0
0.0
57710.0
-1200.0

0.0
30020.0
0.0
71060.0
0.0
18550.0
0.0
94340.0
7300.0
4700.0
35930.0
0.0
-1000.0
27480.0
-1000.0
27680.0
1860.0
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Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

C4H71-3+PC4H902=C4H70+PC4H90 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.19E+14 -0.8 16100.0
PC4H902+PC4H902=02+PC4H90+PC4H90 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
PC4H902+NC3H702=PC4H90+NC3H70+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
PC4HY902+IC3H702=PC4H90+IC3H70+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
PC4H902+C2H502=PC4H90+C2H50+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
PC4H902+CH302=PC4H90+CH30+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
PC4H902+CH3CO3=PC4H90+CH3C02+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
PC4H902+CH3=PC4H90+CH30 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 6.20E+12 0.0 26630.0
PC4H902+C2H5=PC4H90+C2H50 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 8.81E+14 -0.6 29040.0
PC4H902+IC3H7=PC4H90+IC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.50E+15 -0.5 29710.0
PC4H902+NC3H7=PC4H90+NC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 8.90E+14 -0.6 27710.0
PC4H902+PC4H9=PC4H90+PC4H90 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.24E+15 -0.6 27390.0
PC4H902+C3H5-A=PC4H90+C3H50 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 2.30E+11 0.2 14050.0
PC4H9+HO2=PC4H90+0H 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 8.63E+15 -0.7 25000.0
CH302+PC4H9=CH30+PC4H90 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 5.40E+14 -0.4 29240.0
PC4H90=NC3H7+CH20 1.56E+21 -2.4 15230.0
Reverse Arrhenius coefficients: 5.00E+10 0.0 3457.0
PC4H902=C4H800H1-3 2.50E+10 0.0 20850.0
Reverse Arrhenius coefficients: 3.23E+09 -0.1 7871.0
PC4H902=C4H8-1+HO2 4.31E+36 -7.5 39510.0
Reverse Arrhenius coefficients: 1.37E+28 -5.7 19370.0
C4H80OH1-3=0H+CH20+C3H6 6.64E+13 -0.2 29900.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C4H800H1-302=C4H800H1-3+02 5.60E+22 -2.2 37960.0
Reverse Arrhenius coefficients: 7.54E+12 0.0 0.0
C4HB80OOH1-302=NC4KET13+0H 2.50E+10 0.0 21400.0
Reverse Arrhenius coefficients: 1.44E+03 1.5 44740.0
NC4KET13=CH3CHO+CH2CHO+0H 1.05E+16 0.0 41600.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
CH2CH2COCH3=C2H4+CH3CO 1.00E+14 0.0 18000.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 0.0
C2H5COCH2=CH2CO+C2H5 1.00E+14 0.0 35000.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 0.0
NC3H7CHO+02=NC3H7CO+HO2 1.20E+05 2.5 37560.0
Reverse Arrhenius coefficients: 1.00E+07 0.5 4000.0
NC3H7CHO+0OH=NC3H7CO+H20 2.00E+06 1.8 -1300.0
Reverse Arrhenius coefficients: 1.55E+04 2.3 28050.0
NC3H7CHO+H=NC3H7CO+H2 4.14E+09 1.1 2320.0
Reverse Arrhenius coefficients: 3.03E+06 1.7 16780.0
NC3H7CHO+0=NC3H7CO+0H 5.94E+12 0.0 1868.0
Reverse Arrhenius coefficients: 2.26E+09 0.6 14920.0
NC3H7CHO+HO2=NC3H7CO+H202 4.09E+04 2.5 10200.0
Reverse Arrhenius coefficients: 1.73E+04 2.4 8662.0
NC3H7CHO+CH3=NC3H7CO+CH4 2.89E-03 4.6 3210.0
Reverse Arrhenius coefficients: 1.93E-03 4.8 19210.0
NC3H7CHO+CH30=NC3H7CO+CH30H 1.00E+12 0.0 3300.0
Reverse Arrhenius coefficients: 1.57E+10 0.4 17990.0
NC3H7CHO+CH302=NC3H7CO+CH302H 4.09E+04 2.5 10200.0
Reverse Arrhenius coefficients: 3.37E+05 2.0 7067.0
NC3H7CO=NC3H7+CO 1.00E+11 0.0 9600.0
Reverse Arrhenius coefficients: 2.19E+03 1.8 -1100.0
C2H3COCH3+0H=CH3CHO+CH3CO 1.00E+11 0.0 0.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+0H=CH2CO+C2H3+H20 5.10E+11 0.0 1192.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+H02=CH2CHO+CH3CO+0H 6.03E+09 0.0 7949.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+HO2=CH2CO+C2H3+H202 8.50E+12 0.0 20460.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+CH302=CH2CHO+CH3CO+CH30 3.97E+11 0.0 17050.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+CH302=CH2CO+C2H3+CH302H 3.01E+12 0.0 17580.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C5H11-1=C2H4+NC3H7 2.09E+12 0.5 29430.0
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Reverse Arrhenius coefficients:
C5H11-1=H+C5H10-1

Reverse Arrhenius coefficients:
C5H10-1=C2H5+C3H5-A

Reverse Arrhenius coefficients:
C5H10-1+H=C5H91-3+H2

Reverse Arrhenius coefficients:
C5H10-1+0=C5H91-3+0H

Reverse Arrhenius coefficients:
C5H10-1+OH=C5H91-3+H20

Reverse Arrhenius coefficients:
C5H10-1+CH3=C5H91-3+CH4

Reverse Arrhenius coefficients:
C5H10-1+02=C5H91-3+H02

Reverse Arrhenius coefficients:
C5H10-1+HO2=C5H91-3+H202
Reverse Arrhenius coefficients:
C5H10-14CH302=C5H91-3+CH302H
Reverse Arrhenius coefficients:
C5H10-1+CH30=C5H91-3+CH30H
Reverse Arrhenius coefficients:
C5H91-3=C4H6+CH3

Reverse Arrhenius coefficients:
C5H11-1+02=C5H10-1+HO2

Reverse Arrhenius coefficients:
C5H11-1+HO2=C5H110-1+0OH
Reverse Arrhenius coefficients:
C5H11-14+CH302=C5H110-1+CH30
Reverse Arrhenius coefficients:
C5H11-1+C5H1102-1=C5H110-1+C5H110-1
Reverse Arrhenius coefficients:
C5H1102-1+CH302=02+C5H110-1+CH30
Warning...all REV parameters are zero...

5.75E+03
3.35E+11
2.50E+11
9.86E+21
4.00E+12
3.38E+05
3.10E+05
6.60E+05
2.66E+05
2.76E+04
1.10E+05
3.69E+00
8.84E+01
2.20E+12
3.66E+10
4.82E+03
1.14E+05
4.82E+03
2.37E+05
4.00E+01
1.77E+401
7.55E+14
1.00E+11
8.37E-01
1.31E+400
9.00E+12
1.94E+15
9.00E+12
1.22E+14
9.00E+12
5.94E+13
1.40E+16

this reaction will be treated as irreversible

C5H1102-1+C5H1102-1=02+C5H110-1+C5H110-1
Warning...all REV parameters are zero...

1.40E+16

this reaction will be treated as irreversible

C5H110-1=CH20+PC4H9

Reverse Arrhenius coefficients:
C5H1102-1=C5H11-1+02

Reverse Arrhenius coefficients:
C5H1102-1=C5H1000H1-3

Reverse Arrhenius coefficients:
C5H1102-1=C5H10-1+H02

Reverse Arrhenius coefficients:
C5H1000H1-3=0H+CH20+C4H8-1
Warning...all REV parameters are zero...

C5H1000H1-302=C5H1000H1~-3+02

Reverse Arrhenius coefficients:
C5H1000H1-302=NC5KET13+0H

Reverse Arrhenius coefficients:
NCS5KET13=C2H5CHO+CH2CHO+0H
Warning...all REV parameters are zero...

C6H13-1+H02=C6H130-1+0H
Reverse Arrhenius coefficients:
C6H13-1+CH302=C6H130-1+CH30
Reverse Arrhenius coefficients:
C6H13-1+02=C6H12-1+HO2

Reverse Arrhenius coefficients:
C6H13-1=C2H4+PC4H9

Reverse Arrhenius coefficients:
C6H13-1=C6H12-1+H

Reverse Arrhenius coefficients:
C6H12-1=NC3H7+C3H5-A

Reverse Arrhenius coefficients:
C6H12-1+0OH=C5H11-1+CH20
Warning...all REV parameters are zero...

C6H12-1+0=C5H11-1+HCO
Warning...all REV parameters are zero...

C6H1302-1=C6H13-1+02

Reverse Arrhenius coefficients:
C6H13-1+C6H1302-1=C6H130-1+C6H130-1
Reverse Arrhenius coefficients:
C6H1302-1=C6H12-1+HO2

Reverse Arrhenius coefficients:
C6H1302-1=C6H1200H1-3

Reverse Arrhenius coefficients:
C6H1302-1+CH302=C6H130-1+CH30+02
Warning...all REV parameters are zero...

C6H1302-1+C6H1302-1=02+C6H130-1+C6H130-1
Warning...all REV parameters are zero...

C6H130-1=C5H11-1+CH20

Reverse Arrhenius coefficients:
C6H1200H1-3=0H+CH20+C5H10~-1
Warning...all REV parameters are zero...

C6H1200H1-302=C6H1200H1-3+02
Reverse Arrhenius coefficients:
C6H1200H1-302=NC6KET13+0H

5.66E+20
6.25E+10
2.34E+20
4.52E+12
2.50E+10
2.60E+09
5.04E+38
1.52E+31

2.5 6130.0
0.6 35640.0
0.5 2620.0
-2.1 75060.0
0.0 -596.0
2.4 207.0
2.5 20320.0
2.4 1210.0
2.6 19230.0
2.6 -1919.0
2.8 33350.0
3.3 4002.0
3.5 24590.0
0.0 37220.0
0.5 -152.0
2.5 10530.0
2.4 14330.0
2.5 10530.0
2.2 11310.0
2.9 8609.0
3.1 26990.0
-0.5 38520.0
0.0 7800.0
3.6 11960.0
3.4 27810.0
0.0 -1000.0
-0.5 26210.0
0.0 -1000.0
-0.2 30450.0
0.0 -1000.0
-0.1 29910.0
-1.6 1860.0
0.00000E+00 0.00000E+00
-1.6 1860.0
0.00000E+00 0.00000E+00
-2.2 24960.0
0.0 11900.0
-1.6 35830.0
0.0 0.0
0.0 20450.0
-0.1 7450.0
-8.1 40490.0
-6.7 20510.0
-0.2 30090.0

8.28E+13

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

8.04E+22
7.54E+12

2.50E+10
1.11E+03

1.00E+16

-2.3

0.0
0.0

1.5
0.0

37970.0
0.0

21000.0
44340.0

39000.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

7.00E+12
3.27E+15
7.00E+12
2.04E+14
3.00E-19
2.00E-19
6.39E+19
3.30E+11
9.62E+13
1.00E+13
1.00E+16
1.00E+13
1.00E+11

0.0
-0.6

0.0
-0.3

0.0

-1000.0
26150.0
-1000.0
30390.0
3000.0
17500.0
30640.0
7200.0
36000.0
2900.0
71000.0
0.0
-4000.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

1.00E+11

0.0

-1050.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

5.15E+20
4.52E+12
7.00E+12
9.78E+13
5.04E+38
9.64E+29
2.50E+10
3.00E+09
1.40E+16

-1.7
0.0
0.0
-0.2
-8.1
-6.2
0.0
-0.1
-1.6

35790.0
0.0
-1000.0
29840.0
40490.0
20470.0
20850.0
7860.0
1860.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

1.40E+16

-1.6

1860.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

5.23E+20
1.00E+11
7.70E+13

-2.1
0.0
-0.2

24830.0
11900.0
30090.0

0.00000E+00 0.00000E+00
this reaction will be treated as irreversible

8.87E+22
7.54E+12
2.50E+10

-2.3
0.0
0.0

192

37980.0
0.0
21400.0

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00
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489.

491.

492.

493.

494.

495.

496.

497.

500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

510.

511.

512.

513.

Reverse Arrhenius coefficients:
NC6KET13=NC3H7CHO+CH2CHO+0H

Warning...all REV parameters are zero...
this reaction will be treated as irreversible

NC4H9CHO+02=NC4H9CO+HO2

Reverse Arrhenius coefficients:
NC4H9CHO+OH=NC4H9CO+H20
Reverse Arrhenius coefficients:
NC4H9CHO+H=NC4H9CO+H2

Reverse Arrhenius coefficients:
NC4H9CHO+0=NC4H9CO+0H

Reverse Arrhenius coefficients:
NC4H9CHO+HO2=NC4H9CO+H202
Reverse Arrhenius coefficients:
NC4H9CHO+CH3=NC4H9CO+CH4
Reverse Arrhenius coefficients:
NC4H9CHO+CH30=NC4H9CO+CH30H
Reverse Arrhenius coefficients:
NC4H9CHO+CH302=NC4H9CO+CH302H
Reverse Arrhenius coefficients:
NC4H9CO=PC4H9+CO

Reverse Arrhenius coefficients:
NC3H7COCH2=NC3H7+CH2CO

Reverse Arrhenius coefficients:
C2H5COC2H4P=C2H5CO+C2H4

Reverse Arrhenius coefficients:
NC7H16=H+C7H15-1
Reverse Arrhenius
NC7H16=H+C7H15-2
Reverse Arrhenius
NC7H16=H+C7H15-3
Reverse Arrhenius
NC7H16=H+C7H15-4
Reverse Arrhenius coefficients:
NC7H16 (+M)=C6H13-1+CH3 (+M)

Low pressure limit: 0.49630E+43
TROE centering: 0.89200E+00
NC7H16 (+M)=C5H11-1+C2H5 (+M)

Low pressure limit: 0.37530E+49
TROE centering: 0.90000E-01
NC7H16 (+M) =PC4H9+NC3H7 (+M)

Low pressure limit: 0.65090E+49
TROE centering: 0.91100E+00
NC7H16+H=C7H15-1+H2

Reverse Arrhenius coefficients:
NC7H16+H=C7H15-2+H2

Reverse Arrhenius coefficients:
NC7H16+H=C7H15-3+H2

Reverse Arrhenius coefficients:
NC7H16+H=C7H15-4+H2

Reverse Arrhenius coefficients:
NC7H16+0=C7H15-1+0H

Reverse Arrhenius coefficients:
NC7H16+0=C7H15-2+0OH

Reverse Arrhenius coefficients:
NC7H16+0=C7H15-3+0H

Reverse Arrhenius coefficients:
NC7H16+0=C7H15-4+0H

Reverse Arrhenius coefficients:
NC7H16+0H=C7H15-1+H20

Reverse Arrhenius coefficients:
NC7H16+0OH=C7H15-2+H20

Reverse Arrhenius coefficients:
NC7H16+0H=C7H15-3+H20

Reverse Arrhenius coefficients:
NC7H16+0H=C7H15-4+H20

Reverse Arrhenius coefficients:
NC7H16+HO2=C7H15-1+H202

Reverse Arrhenius coefficients:
NC7H16+H02=C7H15-2+H202

Reverse Arrhenius coefficients:
NC7H16+HO2=C7H15-3+H202

Reverse Arrhenius coefficients:
NC7H16+HO2=C7H15-4+H202

Reverse Arrhenius coefficients:
NC7H16+CH3=C7H15-1+CH4

Reverse Arrhenius coefficients:
NC7H16+CH3=C7H15-2+CH4

Reverse Arrhenius coefficients:
NC7H16+CH3=C7H15-3+CH4

Reverse Arrhenius coefficients:
NC7H16+CH3=C7H15-4+CH4

Reverse Arrhenius coefficients:
NC7H16+02=C7H15-1+H02

Reverse Arrhenius coefficients:
NC7H16+02=C7H15-2+H02

Reverse Arrhenius coefficients:
NC7H16+02=C7H15-3+H02

Reverse Arrhenius coefficients:
NC7H16+02=C7H15-4+H02

Reverse Arrhenius coefficients:
NC7H16+C2H5=C7H15-1+C2H6

Reverse Arrhenius coefficients:
NC7H16+C2H5=C7H15-2+C2H6

Reverse Arrhenius coefficients:

coefficients:

coefficients:

coefficients:

.77800E+01
.10000E+11

.94600E+01
.36556E+01

.95700E+01
.10000E+11

8.82E+02 1.6
1.

44710.0
00E+16 0.0 39000.0
0.00000E+00 0.00000E+00

2.00E+13 0.5 42200.0
1.00E+07 0.0 40000.0
2.69E+10 0.8 -340.0
2.14E+10 0.7 31240.0
4.00E+13 0.0 4200.0
1.80E+13 0.0 24000.0
5.00E+12 0.0 1790.0
1.00E+12 0.0 19000.0
2.80E+12 0.0 13600.0
1.00E+12 0.0 10000.0
1.70E+12 0.0 8440.0
1.50E+13 0.0 28000.0
1.15E+11 0.0 1280.0
3.00E+11 0.0 18000.0
1.00E+12 0.0 9500.0
2.50E+10 0.0 10000.0
1.00E+11 0.0 9600.0
1.00E+11 0.0 0.0
1.23E+18 -1.4 43450.0
1.00E+11 0.0 11600.0
1.77E+17 -1.5 29540.0
8.00E+10 0.0 11300.0
2.68E+88 -21.2 142800.0
7.26E+84 -20.8 41560.0
1.30E+88 -21.0 139500.0
2.26E+83 -20.3 40830.0
1.30E+88 -21.0 139500.0
2.26E+83 -20.3 40830.0
6.50E+87 -21.0 139500.0
2.25E+83 -20.3 40830.0
4.32E+24 -2.1 89900.0
0.42800E+05
0.22280E+01 0.17980E+10
6.82E+26 -2.7 88910.0
0.41310E+05
0.10000E+11 0.93300E+10
1.36E+26 -2.5 88760.0
0.41290E+05
0.22382E+02 0.50000E+10
1.88E+05 2.8 6280.0
2.04E+01 3.4 8618.0
2.60E+06 2.4 4471.0
1.81E+01 3.4 9318.0
2.60E+06 2.4 4471.0
1.81E+01 3.4 9318.0
1.30E+06 2.4 4471.0
1.80E+01 3.4 9318.0
1.93E+05 2.7 3716.0
1.08E+01 3.3 4642.0
9.54E+04 2.7 2106.0
3.48E-01 3.7 5541.0
9.54E+04 2.7 2106.0
3.48E-01 3.7 5541.0
4.77E+04 2.7 2106.0
3.47E-01 3.7 5541.0
2.57E+07 1.8 954.0
2.95E+04 2.3 18180.0
4.90E+06 2.0 -596.0
3.62E+02 2.9 19140.0
4.90E+06 2.0 -596.0
3.62E+02 2.9 19140.0
2.45E+06 2.0 -596.0
3.61E+02 2.9 19140.0
4.08E+01 3.6 17160.0
2.56E+00 3.5 3498.0
1.26E+02 3.4 13720.0
4.98E-01 3.7 2562.0
1.26E+02 3.4 13720.0
4.98E-01 3.7 2562.0
6.32E+01 3.4 13720.0
4.95E-01 3.7 2562.0
9.04E-01 3.6 7154.0
8.93E-02 3.8 11030.0
5.41E+04 2.3 7287.0
3.43E+02 2.8 13670.0
5.41E+04 2.3 7287.0
3.43E+02 2.8 13670.0
2.70E+04 2.3 7287.0
3.42E+02 2.8 13670.0
4.20E+13 0.0 52800.0
2.39E+10 0.3 453.0
2.80E+13 0.0 50150.0
1.00E+09 0.6 309.0
2.80E+13 0.0 50150.0
1.00E+09 0.6 309.0
1.40E+13 0.0 50150.0
9.94E+08 0.6 309.0
1.00E+11 0.0 13400.0
3.20E+11 0.0 12300.0
1.00E+11 0.0 10400.0
1.00E+11 0.0 12900.0

0.00000E+00
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NC7H16+C2H5=C7H15-3+C2H6
Reverse Arrhenius coefficients:
NC7H16+C2H5=C7H15-44+C2H6
Reverse Arrhenius coefficients:
NC7H16+CH30=C7H15-1+CH30H
Reverse Arrhenius coefficients:
NC7H16+CH30=C7H15-2+CH30H
Reverse Arrhenius coefficients:
NC7H16+CH30=C7H15-3+CH30H
Reverse Arrhenius coefficients:
NC7H16+CH30=C7H15-4+CH30H
Reverse Arrhenius coefficients:
NC7H16+C2H3=C7H15-1+C2H4
Reverse Arrhenius coefficients:
NC7H16+C2H3=C7H15-2+C2H4
Reverse Arrhenius coefficients:
NC7H16+C2H3=C7H15-3+C2H4
Reverse Arrhenius coefficients:
NC7H16+C2H3=C7H15-4+C2H4
Reverse Arrhenius coefficients:
NC7H16+CH302=C7H15-1+CH302H
Reverse Arrhenius coefficients:
NC7H16+CH302=C7H15-2+CH302H
Reverse Arrhenius coefficients:
NC7H16+CH302=C7H15-3+CH302H
Reverse Arrhenius coefficients:
NC7H16+CH302=C7H15-4+CH302H
Reverse Arrhenius coefficients:

NC7H16+C7H1502-3=C7H15-1+C7H1502H-3

Reverse Arrhenius coefficients:

NC7H16+C7H1502-3=C7H15-2+C7H1502H-3

Reverse Arrhenius coefficients:

NC7H16+C7H1502-3=C7H15-3+C7H1502H-3

Reverse Arrhenius coefficients:

NC7H16+C7H1502-3=C7H15-4+C7H1502H-3

Reverse Arrhenius coefficients:
NC7H16+C7H15-1=C7H15-2+NC7H16
Reverse Arrhenius coefficients:
NC7H16+C7H15-1=C7H15-3+NC7H16
Reverse Arrhenius coefficients:
NC7H16+C7H15-1=C7H15-4+NC7H16
Reverse Arrhenius coefficients:
NC7H16+C7H15-2=C7H15-3+NC7H16
Reverse Arrhenius coefficients:
NC7H16+C7H15-2=C7H15-4+NC7H16
Reverse Arrhenius coefficients:
NC7H16+C7H15-3=C7H15-4+NC7H16
Reverse Arrhenius coefficients:
C7H15-1=C5H11-1+C2H4

Reverse Arrhenius coefficients:
C7H15-1=C7H14-1+H

Reverse Arrhenius coefficients:
C7H15-2=PC4H9+C3H6

Reverse Arrhenius coefficients:
C7H15-2=C7H14-1+H

Reverse Arrhenius coefficients:
C7H15-2=C7H14-2+H

Reverse Arrhenius coefficients:
C7H15-3=C4H8-1+NC3H7

Reverse Arrhenius coefficients:
C7H15-3=C6H12-1+CH3

Reverse Arrhenius coefficients:
C7H15-3=C7H14-2+H

Reverse Arrhenius coefficients:
C7H15-3=C7H14-3+H

Reverse Arrhenius coefficients:
C7H15-4=C2H5+C5H10-1

Reverse Arrhenius coefficients:
C7H15-4=C7H14-3+H

Reverse Arrhenius coefficients:
C7H15-1+02=C7H14-1+HO2

Reverse Arrhenius coefficients:
C7H15-2+02=C7H14-1+HO2

Reverse Arrhenius coefficients:
C7H15-2+02=C7H14-2+HO02

Reverse Arrhenius coefficients:
C7H15-3+02=C7H14-2+H02

Reverse Arrhenius coefficients:
C7H15-3+02=C7H14-3+H02

Reverse Arrhenius coefficients:
C7H15-4+02=C7H14-3+H02

Reverse Arrhenius coefficients:
C7H15-1=C7H15-3

Reverse Arrhenius coefficients:
C7H15-1=C7H15-4

Reverse Arrhenius coefficients:
C7H15-2=C7H15-3

Reverse Arrhenius coefficients:
C7H15-1=C7H15-2

Reverse Arrhenius coefficients:
C7H14-1+H=C7H131-3+H2

Reverse Arrhenius coefficients:
C7H14-1+0H=C7H131-3+H20
Reverse Arrhenius coefficients:
C7H14-1+CH3=C7H131-3+CH4

1.00E+11
1.00E+11
5.00E+10
1.00E+11
3.16E+11
1.20E+10
2.19E+11
8.90E+09
2.19E+11
8.90E+09
1.10E+11
8.90E+09
1.00E+12
2.57E+12
8.00E+11
2.00E+12
8.00E+11
2.00E+12
4.00E+11
2.00E+12
1.39E+400
1.69E+00
2.04E+01
1.56E+00
2.04E+01
1.56E+00
1.02E+01
1.55E+00
1.21E+13
1.44E+10
8.06E+12
1.44E+10
8.06E+12
1.44E+10
4.03E+12
1.44E+10
1.00E+11
1.50E+11
1.00E+11
1.50E+11
5.00E+10
1.50E+11
1.00E+11
1.00E+11
5.00E+10
1.00E+11
5.00E+10
1.00E+11
1.23E+19
1.00E+11
9.65E+13
1.00E+13
9.76E+18
1.00E+11
6.07E+12
1.00E+13
1.23E+13
1.00E+13
6.16E+18
1.00E+11
2.70E+17
1.75E+11
1.23E+13
1.00E+13
9.15E+12
1.00E+13
1.14E+18
1.00E+11
1.82E+13
1.00E+13
3.00E-09
6.52E-10
4.50E-09
1.53E-08
3.00E-09
5.04E-09
3.00E-09
5.04E-09
3.00E-09
6.77E-09
6.00E-09
6.79E-09
1.39E+09
8.72E+07
2.54E+09
3.18E+08
9.59E+08
9.59E+08
5.48E+08
3.44E+07
3.38E+05
4.39E+06
2.76E+04
1.56E+06
3.69E+00

10400.0
12900.0
10400.0
12900.0
7000.0
9200.0
5000.0
7200.0
5000.0
7200.0
5000.0
7200.0
18000.0
25400.0
16800.0
24200.0
16800.0
24200.0
16800.0
24200.0
18280.0
3024.0
14810.0
2054.0
14810.0
2054.0
14810.0
2054.0
20430.0
15000.0
17700.0
15000.0
17700.0
15000.0
17700.0
15000.0
10400.0
12300.0
10400.0
12300.0
10400.0
12300.0
10400.0
10400.0
10400.0
10400.0
10400.0
10400.0
31400.0
8200.0
36010.0
2900.0
31360.0
8200.0
36810.0
1200.0
35640.0
2900.0
30960.0
7700.0
31480.0
7200.0
35640.0
2900.0
35730.0
2900.0
31430.0
8200.0
35730.0
2900.0
3000.0
18760.0
5020.0
18270.0
3000.0
19120.0
3000.0
19120.0
3000.0
19030.0
3000.0
19030.0
33760.0
36270.0
19760.0
22270.0
39700.0
39700.0
38760.0
41270.0
207.0
20620.0
-1919.0
33650.0
4002.0
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Reverse Arrhenius coefficients:
C7H14-1+H02=C7H131-3+H202
Reverse Arrhenius coefficients:
C7H14-1+CH302=C7H131-3+CH302H
Reverse Arrhenius coefficients:
C7H14-1+CH30=C7H131-3+CH30H
Reverse Arrhenius coefficients:
C7H14-2+H=C7H131-3+H2

Reverse Arrhenius coefficients:
C7H14-2+0OH=C7H131-3+H20
Reverse Arrhenius coefficients:
C7H14-2+CH3=C7H131-3+CH4
Reverse Arrhenius coefficients:
C7H14-2+H02=C7H131-3+H202
Reverse Arrhenius coefficients:
C7H14-2+CH302=C7H131-3+CH302H
Reverse Arrhenius coefficients:
C7H14-2+CH30=C7H131-3+CH30H
Reverse Arrhenius coefficients:
C7H14-3+H=C7H133-1+H2

Reverse Arrhenius coefficients:
C7H14-3+H=C7H133-5+H2

Reverse Arrhenius coefficients:
C7H14-3+0H=C7H133-1+H20
Reverse Arrhenius coefficients:
C7H14-3+0OH=C7H133-5+H20
Reverse Arrhenius coefficients:
C7H14-3+CH3=C7H133-1+CH4
Reverse Arrhenius coefficients:
C7H14-3+CH3=C7H133-5+CH4
Reverse Arrhenius coefficients:
C7H14-3+H02=C7H133-1+H202
Reverse Arrhenius coefficients:
C7H14-3+H02=C7H133-5+H202
Reverse Arrhenius coefficients:
C7H14-3+CH302=C7H133-1+CH302H
Reverse Arrhenius coefficients:
C7H14-3+CH302=C7H133-5+CH302H
Reverse Arrhenius coefficients:
C7H14-3+CH30=C7H133-1+CH30H
Reverse Arrhenius coefficients:
C7H14-3+CH30=C7H133-5+CH30H
Reverse Arrhenius coefficients:
C7H131-3+H02=C7H1301-3+0H
Reverse Arrhenius coefficients:
C7H131-3+CH302=C7H1301-3+CH30
Reverse Arrhenius coefficients:
C7H131-3+C2H502=C7H1301-3+C2H50
Reverse Arrhenius coefficients:
C7H131-3=C4H6+NC3H7

Reverse Arrhenius coefficients:
C7H1301-3=C2H3CHO+PC4H9
Reverse Arrhenius coefficients:
C7H1301-3=NC4H9CHO+C2H3
Reverse Arrhenius coefficients:
C7H14-1+0OH=CH20+C6H13~-1

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-1+OH=CH3CHO+C5H11-1

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-2+0OH=CH3CHO+C5H11-1

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-2+0OH=C2H5CHO+PC4H9

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-3+0OH=C2H5CHO+PC4H9

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-1+0=CH2CHO+C5H11-1

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-2+0=CH3CHO+C5H10-1

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-3+0=CH3CHO+C5H10-1

Warning...all REV parameters are zero...
this reaction will be treated

C7H14-1=PC4H9+C3H5-A
Reverse Arrhenius coefficients:
C7H14-2=C4H71-3+NC3H7
Reverse Arrhenius coefficients:
C7H14-3=C5H91-3+C2H5
Reverse Arrhenius coefficients:
C7H1502-1=C7H15-1+02
Reverse Arrhenius coefficients:
C7H1502-2=C7H15-2+02
Reverse Arrhenius coefficients:
C7H1502-3=C7H15-3+02
Reverse Arrhenius coefficients:
C7H1502-4=C7H15-4+02
Reverse Arrhenius coefficients:

C7H15-1+C7H1502-1=C7H150-1+C7H150-1

Reverse Arrhenius coefficients:
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irreversible
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0.00000E+00 O.

irreversible
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0.00000E+00 O.

irreversible
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0.00000E+00 O.

irreversible
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0.00000E+00 0.

irreversible
1.00E+11

0.00000E+00 0.

irreversible
1.00E+11

0.00000E+00 0.

irreversible
3.17E+21
1.00E+13
3.74E+21
1.00E+13
5.95E+21
1.00E+13
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C7H15-1+C7H1502-2=C7H150-1+C7H150-2
Reverse Arrhenius coefficients:
C7H15-1+C7H1502-3=C7H150-1+C7H150-3
Reverse Arrhenius coefficients:
C7H15-1+C7H1502-4=C7H150-1+C7H150-4
Reverse Arrhenius coefficients:
C7H15-2+C7H1502-1=C7H150-2+C7H150-1
Reverse Arrhenius coefficients:
C7H15-2+C7H1502-2=C7H150-2+C7H150-2
Reverse Arrhenius coefficients:
C7H15-2+C7H1502-3=C7H150-2+C7H150-3
Reverse Arrhenius coefficients:
C7H15-2+C7H1502-4=C7H150-2+C7H150-4
Reverse Arrhenius coefficients:
C7H15-3+C7H1502-1=C7H150-3+C7H150-1
Reverse Arrhenius coefficients:
C7H15-3+C7H1502-2=C7H150-3+C7H150-2
Reverse Arrhenius coefficients:
C7H15-3+C7H1502-3=C7H150-3+C7H150-3
Reverse Arrhenius coefficients:
C7H15-3+C7H1502-4=C7H150-3+C7H150-4
Reverse Arrhenius coefficients:
C7H15-4+C7H1502-1=C7H150-4+C7H150-1
Reverse Arrhenius coefficients:
C7H15-4+C7H1502-2=C7H150-4+C7H150-2
Reverse Arrhenius coefficients:
C7H15-4+C7H1502-3=C7H150-4+C7H150-3
Reverse Arrhenius coefficients:
C7H15-4+C7H1502-4=C7H150-4+C7H150-4
Reverse Arrhenius coefficients:
C7H15-1+H02=C7H150-1+0H
Reverse Arrhenius coefficients:
C7H15-2+H02=C7H150-2+0H
Reverse Arrhenius coefficients:
C7H15-3+H02=C7H150-3+0H
Reverse Arrhenius coefficients:
C7H15-4+H02=C7H150-4+0H
Reverse Arrhenius coefficients:
C7H15-1+CH302=C7H150-1+CH30
Reverse Arrhenius coefficients:
C7H15-2+CH302=C7H150-2+CH30
Reverse Arrhenius coefficients:
C7H15-3+CH302=C7H150-3+CH30
Reverse Arrhenius coefficients:
C7H15-4+CH302=C7H150-4+CH30
Reverse Arrhenius coefficients:
C7H1502-1=C7H14-1+HO2
C7H1502-2=C7H14-1+HO02
C7H1502-2=C7H14-2+HO02
C7H1502-3=C7H14-2+H02
C7H1502-3=C7H14-3+H02
C7H1502-4=C7H14-3+H02
C7H1502-1=C7H1400H1-3
C7H1502-2=C7H1400H2-4
C7H1502-3=C7H1400H3-5
C7H1502-4=C7H1400H4-2
C7H1502-3+H02=C7H1502H~-3+02
Reverse Arrhenius coefficients:
H202+C7H1502-3=H02+C7H1502H-3
Reverse Arrhenius coefficients:
C7H1502-1+CH302=C7H150-1+CH30+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-2+CH302=C7H150-2+CH30+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-3+CH302=C7H150-3+CH30+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-4+CH302=C7H150-4+CH30+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-1+C7H1502-1=02+C7H150-1+C7H150-1
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-1+C7H1502-2=C7H150-1+C7H150-2+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-1+C7H1502-3=C7H150-1+C7H150-3+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-1+C7H1502-4=C7H150-14+C7H150-4+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-2+C7H1502-2=02+C7H150-2+C7H150-2
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-2+C7H1502-3=C7H150-2+C7H150-3+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-2+C7H1502-4=C7H150-2+C7H150-4+02
Warning...all REV parameters are zero...
this reaction will be treated as
C7H1502-3+C7H1502-3=02+C7H150-3+C7H150-3
Warning...all REV parameters are zero...
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this reaction will be treated as irreversible

C7H1502-3+C7H1502-4=C7H150-3+C7H150-4+02 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1502-4+C7H1502-4=02+C7H150-4+C7H150-4 1.40E+16 -1.6 1860.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1502H-3=C7H150-3+0H 1.00E+16 0.0 39000.0
Reverse Arrhenius coefficients: 9.52E+06 2.0 -6922.0
C7H150-1=CH20+C6H13-1 6.02E+20 -2.2 24830.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 11900.0
C7H150-2=CH3CHO+C5H11-1 1.48E+22 -2.5 20370.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 12900.0
C7H150-3=C2H5CHO+PC4H9 6.57E+17 -1.2 19370.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 12900.0
C7H150-4=NC3H7CHO+NC3H7 4.77E+22 -2.6 21820.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 12900.0
C7H1400H1-3=C7H1401-3+0H 7.50E+10 0.0 15250.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1400H2-4=C7H1402-4+0H 7.50E+10 0.0 15250.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1400H4-2=C7H1402-4+0H 7.50E+10 0.0 15250.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1400H1-3=0H+CH20+C6H12-1 2.15E+09 1.2 30370.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1400H2-4=0H+CH3CHO+C5H10~-1 1.55E+12 0.6 30090.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1400H3-5=0H+C2H5CHO+C4H8~1 2.66E+13 0.1 30430.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1400H4-2=0H+NC3H7CHO+C3H6 6.19E+13 0.1 30840.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1400H1-302=C7H1400H1-3+02 1.37E+23 -2.4 37640.0
Reverse Arrhenius coefficients: 7.54E+12 0.0 0.0
C7H1400H2-402=C7H1400H2-4+02 1.39E+23 -2.4 37600.0
Reverse Arrhenius coefficients: 7.54E+12 0.0 0.0
C7H1400H3-502=C7H1400H3-5+02 1.39E+23 -2.4 37600.0
Reverse Arrhenius coefficients: 7.54E+12 0.0 0.0
C7H1400H4-202=C7H1400H4-2+02 6.97E+22 -2.4 37600.0
Reverse Arrhenius coefficients: 7.54E+12 0.0 0.0
C7H1400H1-302=NC7KET13+0H 2.50E+10 0.0 21000.0
C7H1400H2-402=NC7KET24+0H 1.25E+10 0.0 17450.0
C7H1400H3-502=NC7KET35+0H 1.25E+10 0.0 17450.0
C7H1400H4-202=NC7KET42+0H 1.25E+10 0.0 17450.0
NC7KET13=NC4H9CHO+CH2CHO+0H 1.00E+16 0.0 39000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
NC7KET24=NC3H7CHO+CH3COCH2+0H 1.00E+16 0.0 39000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
NC7KET35=C2H5CHO+C2H5COCH2+0H 1.00E+16 0.0 39000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
NC7KET42=CH3CHO+NC3H7COCH2+0H 1.00E+16 0.0 39000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1401-3+0OH=C6H12-1+HCO+H20 2.50E+12 0.0 0.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1402-4+0OH=CH3CO+C5H10-1+H20 2.50E+12 0.0 0.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1401-3+0H=C2H4+NC4H9CO+H20 2.50E+12 0.0 0.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1402-4+0H=C3H6+NC3H7CO+H20 2.50E+12 0.0 0.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1401-3+HO2=C6H12-1+HCO+H202 5.00E+12 0.0 17700.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1402-4+HO2=CH3CO+C5H10~-1+H202 5.00E+12 0.0 17700.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1401-3+HO2=C2H4+NC4H9CO+H202 5.00E+12 0.0 17700.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C7H1402-4+HO2=C3H6+NC3H7CO+H202 5.00E+12 0.0 17700.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
CHCHCHO+OH=CH2CHO+HCO 1.00E+12 0.0 0.0
Reverse Arrhenius coefficients: 2.72E+11 0.3 36200.0
02+C6H12-1=CH20+NC4H9CHO 1.00E+14 0.0 37000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C6H12-1=C3H6+C3H6 4.00E+12 0.0 58000.0
PC4H9+C2H3=C6H12-1 1.00E+13 0.0 0.0
SC2H40H+M<=>CH3CHO+H+M 1.00E+14 0.0 25000.0
Reverse Arrhenius coefficients: 2.74E+12 0.5 -470.0
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691.
692.
693.
694.
695.
696.
697.
698.
699.
700.
701.
702.
703.
704.
705.
706.
707.
708.
709.

UNITS for the preceding reactions
A units mole-cm-sec-K, E units cal/mole

SC2H40H+02<=>CH3CHO+HO2

Reverse Arrhenius coefficients:
NC3H702+C3H8<=>NC3H702H+NC3H7
Reverse Arrhenius coefficients:
C3H6+NC3H702<=>C3H5-A+NC3H702H
Reverse Arrhenius coefficients:
NC3H702+CH20<=>NC3H702H+HCO
Reverse Arrhenius coefficients:
NC3H702+CH3CHO<=>NC3H702H+CH3CO
Reverse Arrhenius coefficients:
NC3H702+H02<=>NC3H702H+02
Reverse Arrhenius coefficients:
C2HA4+NC3H702<=>C2H3+NC3H702H
Reverse Arrhenius coefficients:
CH30OH+NC3H702<=>CH20H+NC3H702H
Reverse Arrhenius coefficients:
C2H3CHO+NC3H702<=>C2H3CO+NC3H702H
Reverse Arrhenius coefficients:
CH4+NC3H702<=>CH3+NC3H702H
Reverse Arrhenius coefficients:
H2+NC3H702<=>H+NC3H702H

Reverse Arrhenius coefficients:
NC3H702+C2H6<=>NC3H702H+C2HS
Reverse Arrhenius coefficients:
NC3H702+C2H5CHO<=>NC3H702H+C2H5CO
Reverse Arrhenius coefficients:
C4H8-1+NC3H702<=>C4H71-3+NC3H702H
Reverse Arrhenius coefficients:
IC3H702<=>C3H600H2-1

Reverse Arrhenius coefficients:
C3H600H2-1<=>C3H6+HO2

Reverse Arrhenius coefficients:
C3H600H2-102<=>C3H600H2-1+02
Reverse Arrhenius coefficients:
C7H133-1<=>C2H4+C5H91-1

Reverse Arrhenius coefficients:
C5H91-1<=>C2H2+NC3H7

Reverse Arrhenius coefficients:

3.81E+06
2.19E+05
1.70E+13
2.09E+13
3.24E+11
2.00E+10
5.60E+12
8.00E+11
2.80E+12
1.00E+12
1.75E+10
3.84E+13
1.13E+13
3.00E+12
6.30E+12
1.00E+09
2.80E+12
1.00E+12
1.12E+13
7.43E+11
3.01E+13
4.80E+13
1.70E+13
5.00E+11
2.00E+11
5.00E+09
1.40E+12
3.16E+11
1.80E+12
1.12E+10
3.24E+18
1.00E+11
5.23E+22
4.52E+12
1.01E+17
1.00E+11
2.76E+15
2.00E+11

(unless otherwise noted) :
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1641.0
25040.0
20460.0
5000.0
14900.0
15000.0
13600.0
10000.0
13600.0
10000.0
-3275.0
33610.0
30430.0
11500.0
19360.0
10000.0
13600.0
10000.0
24640.0
5500.0
26030.0
7950.0
20460.0
6500.0
9500.0
10000.0
14900.0
13000.0
29400.0
11810.0
18970.0
11750.0
37820.0

43990.0
8300.0
30800.0
7800.0



APPENDIX B: CSU186 NATURAL GAS/DIESEL RCCI MECHANISM

The following is a list of the chemical species and reactions that form the CSU186 reduced
chemical kinetic mechanism for natural gas/diesel RCCI combustion, which was discussed in
Chapter CHAPTER 7:. The list of reactions contains rate constant information in the Arrhenius
form. Some of the reactions include third body efficiencies and Troe [57] pressure dependent
reaction rates. More information about the format of the mechanism and expressions for rate
constants can be found in the CHEMKINheory manual [58]. This reduced mechanism uses a
blend of n-dodecane and m-xylene (called P-XYL in the mechanism) to representfubésel
kinetics and a surrogate mixture of methane, ethane, and propane to represent the kinetics of
natural gas. This mechanism is a combination of reduced forms of the methane through n-
pentane mechanism of Healy et al. [37] and the reduced diesel surrogate mechanisen alf Pei
[54]. The detailed mechanisms were reduced using the direct relation graph with error
propagation and sensitivity analysis (DRGEPSA), which is described in detail in the

CONVERGEM theory manual [21].
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ELEMENTS
CONSIDERED

ATOMIC
WEIGHT

12.0112
1.00797
14.0067
15.9994
39.9480
4.00260

UNITS for the following reactions (unless otherwise nated)
A units moleemsec-K, E units cal/mole

C

P H

H A

A R

SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT

CONSIDERED E E WEIGHT Low HIGH c H
1. H G 0 1.0080E+00 300 5000 0 1
2. H2 G 0 2.0159E+00 300 5000 0 2
3. 0 G 0 1.5999E+01 300 5000 0 0
4. 02 G 0 3.1999E+01 300 5000 0 0
5. OH G 0 1.7007E+01 300 5000 0 1
6. H20 G 0 1.8015E+01 300 5000 0 2
7. N2 G 0 2.8013E+01 300 5000 0 0
8. HO2 G 0 3.3007E+01 200 3500 0 1
9. H202 G 0 3.4015E+01 300 5000 0 2
10. co G 0 2.8011E+01 300 5000 1 0
11. co2 G 0 4.4010E+01 300 5000 1 0
12. CH20 G 0 3.0026E+01 300 5000 1 2
13. HCO G 0 2.9019E+01 300 5000 1 1
14. HOCHO G 0 4.6026E+01 300 5000 1 2
15. HOCH20 G 0 4.7034E+01 300 5000 1 3
16. CH30H G 0 3.2042E+01 300 5000 1 4
17. CH20H G 0 3.1034E+01 300 5000 1 3
18. CH30 G 0 3.1034E+01 300 5000 1 3
19. CH302H G 0 4.8042E+01 300 5000 1 4
20. CH302 G 0 4.7034E+01 300 5000 1 3
21. CH4 G 0 1.6043E+01 300 5000 1 4
22. CH3 G 0 1.5035E+01 300 5000 1 3
23. CH2 G 0 1.4027E+01 250 4000 1 2
24. CH2(S) G 0 1.4027E+01 300 4000 1 2
25. CH G 0 1.3019E+01 300 5000 1 1
26. C2H6 G 0 3.0070E+01 300 5000 2 6
27. C2HS5 G 0 2.9062E+01 300 5000 2 5
28. C2H4 G 0 2.8054E+01 300 5000 2 4
29. C2H3 G 0 2.7046E+01 300 5000 2 3
30. C2H2 G 0 2.6038E+01 300 5000 2 2
31. C2H G 0 2.5030E+01 300 5000 2 1
32. CH3CHO G 0 4.4054E+01 300 5000 2 4
33. CH3CO G 0 4.3046E+01 300 5000 2 3
34. CH2CHO G 0 4.3046E+01 300 5000 2 3
35. CH2CO G 0 4.2038E+01 300 5000 2 2
36. HCCO G 0 4.1030E+01 300 4000 2 1
37. C2H50 G 0 4.5062E+01 300 5000 2 5
38. C2H502 G 0 6.1061E+01 300 5000 2 5
39. C2H301-2 G 0 4.3046E+01 300 5000 2 3
40. CH3COCH2 G 0 5.7073E+01 300 5000 3 5
41. CH3COCH202 G 0 8.9072E+01 300 5000 3 5
42. CH3COCH202H G 0 9.0079E+01 300 5000 3 6
43. CH3COCH20 G 0 7.3072E+01 300 5000 3 5
44. C2H3CHO G 0 5.6065E+01 300 5000 3 4
45. C2H3CO G 0 5.5057E+01 300 5000 3 3
46. C2HS5CHO G 0 5.8081E+01 300 5000 3 6
47. C3H8 G 0 4.4097E+01 300 5000 3 8
48. IC3H7 G 0 4.3089E+01 300 5000 3 7
49. NC3H7 G 0 4.3089E+01 300 5000 3 7
50. C3H6 G 0 4.2081E+01 300 5000 3 6
51. C3H5-A G 0 4.1073E+01 300 5000 3 5
52. C3H4-P G 0 4.0065E+01 300 4000 3 4
53. C3H4-A G 0 4.0065E+01 300 4000 3 4
54. C3H3 G 0 3.9057E+01 300 4000 3 3
55. C3H2 G 0 3.8049E+01 150 4000 3 2
56. C3H50 G 0 5.7073E+01 300 5000 3 5
57. C3H600H1-2 G 0 7.5088E+01 300 5000 3 7
58. NC3H702 G 0 7.5088E+01 300 5000 3 7
59. IC3H702 G 0 7.5088E+01 300 5000 3 7
60. CH3CHCO G 0 5.6065E+01 300 5000 3 4
61. C4H8-1 G 0 5.6108E+01 300 5000 4 8
62. PC4H9 G 0 5.7116E+01 300 5000 4 9
63. SC4H9 G 0 5.7116E+01 300 5000 4 9
64. C4H71-3 G 0 5.5100E+01 300 5000 4 7
65. C4H71-4 G 0 5.5100E+01 300 5000 4 7
66. C4H6 G 0 5.4092E+01 300 5000 4 3
67. PC4H902 G 0 8.9115E+01 300 5000 4 9
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68.
69.
70.

72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
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.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161l.
162.

C4HT70
NC3H7CHO
C5H11-1
C5H11-2
C5H10-1
C5H91-4
C5H1102-1
C5H1000H1-3
C5H1000H1-302
NC5KET13
C6H13-1
C6H13-2
C6H12-1
C6H111-5
C6H1302-1
C6H1200H1-3
C6H1200H1-302
NC6KET13
NC3H7COCH2
C7H15-1
C7H14-1
C7H1502-1
C7H1400H1-3
C7H1400H1-302
C7H1401-3
NC5H11CHO
NC5H11CO
NC4H9COCH2
C4H700H1-4
C4H701-4
NC12H26
Cl2H25-1
Cl2H25-2
C12H25-3
IS08
Cl0H21-1
Cl0H21-2
C10H21-5
C9H19-1
C9H19-4
C9H19-5
C8H17-1
C8H17-4
Cl2H24-1
Cl2H24-2
Is013
C10H20-1
C9H18-1
C12H2502-2
Is04

Is03
C8H1702-1
C1200H2-4
IS05

IS06

IS07
C800OH1-3
C1200H2-402
Isol

IS02
C800H1-302
C1202-4
IsO011

IS012
C12KET2-4
IS09

IS010
C8KET1-3
C8H17COCH2
C7H15COCH2
NC8H17CHO
NC6H13CHO
NC8H17CO
NC6H13CO
C12H23
C9H17
C6H5CH3
C6H5CH2J
CY13PD
OXCCXCCXOo
C6H6
CY13PD5J
C6H4CH3
02C6H4CH3
RODC6J (C) DO
occxcexeyac
P-XYL
MEC6H3CH3
PXYLCH2J
MEC6H4CHO
MEC6H4CJO
HOMEC6H3CH3
OMEC6H3CH3
O2MEC6H3CH3
MEC6H4CH20J

[PERoRoNoNaNcNcRNoNsRaNEaNNARNsNaNaNANARANoRaNANANANANSRNaNANANANRsNaNaNNANANoNaNs N NN NN NN RN NaNANI NN NN NN NIN N NN NN RN NoNs NN RSN NoNa RN NSNS NONS N NN NA]
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.1100E+01
.2108E+01
.1143E+01
.1143E+01
.0135E+01
.9127E+401
.0314E+02
.0314E+02
.3514E+02
.1813E+02
.5171E+01
.5171E+01
.4163E+01
.3155E+01
.1717E+402
.1717E+02
.4917E+02
.3216E+02
.5127E+01
.9198E+01
.8190E+01
.3120E+02
.3120E+02
.6320E+02
.1419E+02
.0016E+02
.9154E+01
.9154E+01
.8107E+01
.1100E+01
.7034E+02
.6933E+02
.6933E+02
.6933E+02
.6933E+02
.4128E+02
.4128E+02
.4128E+02
.2725E+02
.2725E+02
.2725E+02
.1322E+02
.1322E+02
.6833E+02
.6833E+02
.6833E+02
.4027E+02
.2624E+02
.0133E+02
.0133E+02
.0133E+02
.4522E+02
.0133E+02
.0133E+02
.0133E+02
.0133E+02
.4522E+02
.3333E+02
.3333E+02
.3333E+02
.7722E+02
.8432E+02
.8432E+02
.8432E+02
.1632E+02
.1632E+02
.1632E+02
.6021E+02
.5526E+02
.4124E+02
.4224E+02
.1419E+02
.4124E+02
.1318E+02
.6732E+02
.2524E+02
.2142E+01
.1134E+01
.6104E+01
.4075E+01
.8115E+01
.5096E+01
.1134E+01
.2313E+02
.2313E+02
.5122E+401
.0617E+02
.0516E+02
.0516E+02
.2015E+02
.1914E+02
.2217E402
.2116E+02
.3716E+02
.2116E+02

300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
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163. PXYLCH200J G 0 1.3716E+02 300 5000 8 9
164. AR G 0 3.9948E+01 300 5000 0 0
165. CH3CO2 G 0 5.9045E+01 300 5000 2 3
166. C3H600H2-1 G 0 7.5088E+01 300 5000 3 7
167. C3H600H1-202 G 0 1.0709E+02 300 5000 3 7
168. C3H600H2-102 G 0 1.0709E+02 300 5000 3 7
169. IC3H70 G 0 5.9089E+01 300 5000 3 7
170. C3KET12 G 0 9.0079E+01 300 5000 3 6
171. C3KET21 G 0 9.0079E+01 300 5000 3 6
172. C2H3COCH3 G 0 7.0092E+01 300 5000 4 6
173. PC4H90 G 0 7.3116E+01 300 5000 4 9
174. C4HBOOH1-3 G 0 8.9115E+01 300 5000 4 9
175. C3H600H1-3 G 0 7.5088E+01 300 5000 3 7
176. C3H600H1-302 G 0 1.0709E+02 300 5000 3 7
177. C3KET13 G 0 9.0079E+01 300 5000 3 6
178. NC3H70 G 0 5.9089E+01 300 5000 3 7
179. CH3CO3 G 0 7.5044E+01 300 5000 2 3
180. CH3CO3H G 0 7.6052E+01 300 5000 2 4
181. NC3H702H G 0 7.6096E+01 300 5000 3 8
182. C4H800H1-302 G 0 1.2111E+02 300 5000 4 9
183. NC4KET13 G 0 1.0411E+02 300 5000 4 8
184. C2H5CO G 0 5.7073E+01 300 5000 3 5
185. C2H502H G 0 6.2069E+01 300 5000 2 6
186. CH2CH2COCH3 G 0 7.1100E+01 300 5000 4 7
(k = A T**b exp(-E/RT))
REACTIONS CONSIDERED A b E
1. H+02<=>0+OH 3.55E+15 -0.4 16600.0
Reverse Arrhenius coefficients: 1.03E+13 0.0 -133.0
2. O+H2<=>H+OH 5.08E+04 2.7 6292.0
Reverse Arrhenius coefficients: 2.64E+04 2.7 4880.0
3. OH+H2<=>H+H20 2.16E+08 1.5 3430.0
Reverse Arrhenius coefficients: 2.29E+09 1.4 18320.0
4. O+H20<=>OH+OH 2.97E+06 2.0 13400.0
Reverse Arrhenius coefficients: 1.45E+05 2.1 -2904.0
5. H2+M<=>H+H+M 4.58E+19 -1.4 104400.0
Reverse Arrhenius coefficients: 1.14E+20 -1.7 820.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
co Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00
6. 02+M<=>0+0+M 4.42E+17 -0.6 118900.0
Reverse Arrhenius coefficients: 6.16E+15 -0.5 0.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
co Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
7. OH+M<=>O+H+M 9.78E+17 -0.7 102100.0
Reverse Arrhenius coefficients: 4.71E+18 -1.0 0.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
8. H20+M<=>H+OH+M 1.91E+23 -1.8 118500.0
Reverse Arrhenius coefficients: 4.50E+22 -2.0 0.0
H2 Enhanced by 7.300E-01
H20 Enhanced by 1.200E+01
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
9. H+02 (+M) <=>HO2 (+M) 1.48E+12 0.6 0.0
Low pressure limit: 0.34820E+17 -0.41100E+00 -0.11150E+04
TROE centering: 0.50000E+00 0.10000E-29 0.10000E+31 0.10000E+11
H2 Enhanced by 1.300E+00
H20 Enhanced by 1.400E+01
co Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00

10. HO2+H<=>H2+02 1.66E+13 0.0 823.0
Reverse Arrhenius coefficients: 3.17E+12 0.3 55510.0

11. HO2+H<=>OH+OH 7.08E+13 0.0 295.0
Reverse Arrhenius coefficients: 2.03E+10 0.7 36840.0

12. HO2+0<=>OH+02 3.25E+13 0.0 0.0
Reverse Arrhenius coefficients: 3.22E+12 0.3 53280.0

13. HO2+OH<=>H20+02 1.97E+10 1.0 -328.4
Reverse Arrhenius coefficients: 3.99E+10 1.2 69250.0

14. H202+02<=>HO2+HO2 1.14E+16 -0.3 49730.0
Reverse Arrhenius coefficients: 1.03E+14 0.0 11040.0
Declared duplicate reaction...

15. H202+02<=>HO2+HO2 2.14E+13 -0.3 37280.0
Reverse Arrhenius coefficients: 1.94E+11 0.0 -1409.0
Declared duplicate reaction...

16. H202 (+M) <=>OH+OH (+M) 2.95E+14 0.0 48430.0

Low pressure limit: 0.12020E+18
TROE centering: 0.50000E+00
H2 Enhanced by 2
H20 Enhanced by 1

0.00000E+00
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.200E+01

0.45500E+05
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

co Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
H202+H<=>H20+0H 2.41E+13 0.0 3970.0
Reverse Arrhenius coefficients: 1.26E+08 1.3 71410.0
H202+H<=>H2+HO2 2.15E+10 1.0 6000.0
Reverse Arrhenius coefficients: 3.72E+07 1.7 22000.0
H202+0<=>0H+HO02 9.55E+06 2.0 3970.0
Reverse Arrhenius coefficients: 8.57E+03 2.7 18560.0
H202+0H<=>H20+HO02 2.00E+12 0.0 427.2
Reverse Arrhenius coefficients: 3.66E+10 0.6 31320.0
Declared duplicate reaction...
H202+0H<=>H20+H02 1.70E+18 0.0 29410.0
Reverse Arrhenius coefficients: 3.12E+16 0.6 60300.0
Declared duplicate reaction...
CO+0 (+M) <=>CO02 (+M) 1.80E+10 0.0 2384.0
Low pressure limit: 0.13500E+25 -0.27880E+01 0.41910E+04
H2 Enhanced by 2.000E+00
02 Enhanced by 6.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 3.500E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
CO+02<=>C02+0 1.05E+12 0.0 42540.0
Reverse Arrhenius coefficients: 8.04E+15 -0.8 51230.0
CO+OH<=>CO2+H 2.23E+05 1.9 -1158.0
Reverse Arrhenius coefficients: 5.90E+11 0.7 24260.0
CO+H02<=>C02+0H 3.01E+13 0.0 23000.0
Reverse Arrhenius coefficients: 2.28E+16 -0.5 84970.0
HCO+M<=>H+CO+M 4.75E+11 0.7 14870.0
Reverse Arrhenius coefficients: 3.58E+10 1.0 -457.3
H2 Enhanced by 2.000E+00
H20 Enhanced by 1.200E+01
co Enhanced by 1.500E+00
coz2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
HCO+02<=>CO+HO02 7.58E+12 0.0 410.0
Reverse Arrhenius coefficients: 1.20E+12 0.3 33950.0
HCO+H<=>CO+H2 7.34E+13 0.0 0.0
Reverse Arrhenius coefficients: 2.21E+12 0.7 88230.0
HCO+0<=>CO+0OH 3.02E+13 0.0 0.0
Reverse Arrhenius coefficients: 4.72E+11 0.6 86820.0
HCO+0<=>CO2+H 3.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 1.24E+18 -0.6 112200.0
HCO+0H<=>CO+H20 1.02E+14 0.0 0.0
Reverse Arrhenius coefficients: 3.26E+13 0.6 103100.0
HCO+CH3<=>CH4+CO 2.65E+13 0.0 0.0
Reverse Arrhenius coefficients: 7.29E+14 0.2 89770.0
HCO+HO02<=>CH20+02 2.50E+14 -0.1 13920.0
Reverse Arrhenius coefficients: 8.07E+15 0.0 53420.0
HCO+HO2<=>CO2+H+0H 3.00E+13 0.0 0.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
CH20+CO<=>HCO+HCO 9.19E+13 0.4 73040.0
Reverse Arrhenius coefficients: 1.80E+13 0.0 0.0
HCO+HCO<=>H2+CO+CO 3.00E+12 0.0 0.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
HCO+H (+M) <=>CH20 (+M) 1.09E+12 0.5 -260.0
Low pressure limit: 0.13500E+25 -0.25700E+01 0.14250E+04
TROE centering: 0.78240E+00 0.27100E+03 0.27550E+04 0.65700E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
CO+H2 (+M) <=>CH20 (+M) 4.30E+07 1.5 79600.0
Low pressure limit: 0.50700E+28 -0.34200E+01 0.84348E+05
TROE centering: 0.93200E+00 0.19700E+03 0.15400E+04 0.10300E+05
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
CH20+0H<=>HCO+H20 7.82E+07 1.6 -1055.0
Reverse Arrhenius coefficients: 4.90E+06 1.8 29030.0
CH20+H<=>HCO+H2 5.74E+07 1.9 2740.0
Reverse Arrhenius coefficients: 3.39E+05 2.2 17930.0
CH20+0<=>HCO+0OH 6.26E+09 1.1 2260.0
Reverse Arrhenius coefficients: 1.92E+07 1.4 16040.0
CH20+CH3<=>HCO+CH4 3.83E+01 3.4 4312.0
Reverse Arrhenius coefficients: 2.06E+02 3.2 21040.0
CH20+HO2<=>HCO+H202 7.10E-03 4.5 6580.0
Reverse Arrhenius coefficients: 2.43E-02 4.1 5769.0
HOCH20<=>CH20+0H 2.06E+21 -2.3 25730.0
Reverse Arrhenius coefficients: 4.50E+15 -1.1 0.0
HOCH20<=>HOCHO+H 1.00E+14 0.0 14900.0
Reverse Arrhenius coefficients: 1.12E+15 -0.3 11500.0
HOCHO<=>CO+H20 2.45E+12 0.0 60470.0
Reverse Arrhenius coefficients: 2.26E+03 2.1 52890.0
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82.

83.

84.

HOCHO<=>CO2+H2 2.95E+09 0.0 48520.0
Reverse Arrhenius coefficients: 6.77E+05 1.0 51470.0
HOCHO<=>HCO+OH 3.47E+22 -1.5 110700.0
Reverse Arrhenius coefficients: 1.00E+14 0.0 0.0
HOCHO+0OH<=>H20+CO2+H 2.62E+06 2.1 916.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
HOCHO+OH<=>H20+CO+0H 1.85E+07 1.5 -962.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
HOCHO+H=>H2+CO2+H 4.24E+06 2.1 4868.0
HOCHO+H<=>H2+CO+O0H 6.03E+13 -0.3 2988.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
HOCHO+CH3<=>CH4+CO+O0OH 3.90E-07 5.8 2200.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
HOCHO+HO2=>H202+CO+O0OH 1.00E+12 0.0 11920.0
HOCHO+0=>CO+OH+0H 1.77E+18 -1.9 2975.0
CH30 (+M) <=>CH20+H (+M) 6.80E+13 0.0 26170.0
Low pressure limit: 0.18670E+26 -0.30000E+01 0.24307E+05
TROE centering: 0.90000E+00 0.25000E+04 0.13000E+04 0.10000+100

H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00

CH30+02<=>CH20+HO02

Reverse Arrhenius coefficients:
CH20+CH30<=>CH30H+HCO

Reverse Arrhenius coefficients:
CH4+CH30<=>CH3+CH30H

Reverse Arrhenius coefficients:
CH30+CH3<=>CH20+CH4

Reverse Arrhenius coefficients:
CH30+H<=>CH20+H2

Reverse Arrhenius coefficients:
CH30+HO2<=>CH20+H202

Reverse Arrhenius coefficients:
CH20+H (+M) <=>CH20H (+M)

Low pressure limit: 0.12700E+33
TROE centering: 0.71870E+00

-0.48200E+01
0.10300E+03

H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
coz2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00

CH20H+02<=>CH20+HO02

Reverse Arrhenius coefficients:
Declared duplicate reaction...
CH20H+02<=>CH20+H02

Reverse Arrhenius coefficients:
Declared duplicate reaction...
CH20H+H<=>CH20+H2

Reverse Arrhenius coefficients:
CH20H+HO2<=>CH20+H202

Reverse Arrhenius coefficients:
CH20H+HCO<=>CH20+CH20

Reverse Arrhenius coefficients:
CH20H+CH30<=>CH20+CH30H
Reverse Arrhenius coefficients:
CH20H+CH20<=>CH30H+HCO

Reverse Arrhenius coefficients:
OH+CH20H<=>H20+CH20

Reverse Arrhenius coefficients:
O+CH20H<=>0H+CH20

Reverse Arrhenius coefficients:
CH20+CH30H<=>CH20H+CH20H
Reverse Arrhenius coefficients:
CH20H+HO2<=>HOCH20+0OH

Reverse Arrhenius coefficients:
CH3O0H (+M) <=>CH3+0H (+M)

Low pressure limit: 0.29500E+45 -0.73500E+01
TROE centering: 0.41400E+00 0.27900E+03
CH3O0H (+M) <=>CH20H+H (+M)

Low pressure limit: 0.23400E+41 -0.63300E+01
TROE centering: 0.77300E+00 0.69300E+03
CH30H+H<=>CH30+H2

Reverse Arrhenius coefficients:
CH30H+H<=>CH20H+H2

Reverse Arrhenius coefficients:
CH30H+0<=>CH20H+0H

Reverse Arrhenius coefficients:
CH30H+OH<=>CH30+H20

Reverse Arrhenius coefficients:
CH30H+OH<=>CH20H+H20

Reverse Arrhenius coefficients:
CH30H+02<=>CH20H+HO2

Reverse Arrhenius coefficients:
CH30H+HO2<=>CH20H+H202

Reverse Arrhenius coefficients:
CH30H+CH3<=>CH20H+CH4

Reverse Arrhenius coefficients:

4.38E-19 9.5 -5501.0
1.42E-20 9.8 21080.0
6.62E+11 0.0 2294.0
8.39E+10 0.1 17710.0
6.12E+02 2.9 8248.0
1.44E+01 3.1 6935.0
1.20E+13 0.0 0.0
6.75E+13 0.2 82810.0
2.00E+13 0.0 0.0
1.23E+11 0.7 81270.0
3.01E+11 0.0 0.0
1.07E+12 0.0 65270.0
5.40E+11 0.5 3600.0

0.65300E+04

0.12910E+04 0.41600E+04

1.51E+15 -1.0 0.0
1.98E+14 -0.6 20060.0
2.41E+14 0.0 5017.0
3.15E+13 0.4 25080.0
6.00E+12 0.0 0.0
1.50E+11 0.8 74750.0
1.20E+13 0.0 0.0
1.73E+14 0.1 58750.0
1.80E+14 0.0 0.0
7.60E+14 0.5 59560.0
2.40E+13 0.0 0.0
1.28E+13 0.6 74980.0
1.88E+04 2.7 4208.0
9.63E+03 2.9 13110.0
2.40E+13 0.0 0.0
6.35E+12 0.7 89640.0
4.20E+13 0.0 0.0
5.44E+11 0.7 73340.0
6.50E+12 0.7 68460.0
3.00E+12 0.0 0.0
1.00E+13 0.0 0.0
8.17E+13 0.0 33470.0
1.90E+16 0.0 91730.0
0.95460E+05
0.54590E+04 0.10000E+11
2.69E+16 -0.1 98940.0
0.10310E+06
0.53330E+04 0.10000E+11
3.60E+12 0.0 6095.0
1.68E+11 0.2 5868.0
1.20E+06 2.4 2583.0
1.39E+04 2.5 8871.0
3.88E+05 2.5 3080.0
2.32E+03 2.6 7956.0
5.13E+05 2.1 2450.0
2.53E+05 2.2 17120.0
1.44E+06 2.0 -839.0
1.76E+05 2.0 20340.0
2.05E+13 0.0 44900.0
1.24E+12 -0.2 -3501.0
1.08E+04 2.5 10530.0
7.20E+04 2.0 819.0
3.19E+01 3.2 7172.0
3.35E+02 2.8 15000.0
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CH30+CH30H<=>CH20H+CH30H
Reverse Arrhenius coefficients:
CH30H+CH20<=>CH30+CH30

Reverse Arrhenius coefficients:
CH3+H (+M) <=>CH4 (+M)
Low pressure limit:
TROE centering:

0.24770E+34
0.78300E+00

H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00

CH4+H<=>CH3+H2

Reverse Arrhenius coefficients:
CH4+0OH<=>CH3+H20

Reverse Arrhenius coefficients:
CH4+0<=>CH3+0H

Reverse Arrhenius coefficients:
CH4+HO2<=>CH3+H202

Reverse Arrhenius coefficients:
CH4+CH2<=>CH3+CH3

Reverse Arrhenius coefficients:
CH3+0H<=>CH20+H2

Reverse Arrhenius coefficients:
CH3+OH<=>CH2 (S) +H20

Reverse Arrhenius coefficients:
CH3+0H<=>CH30+H
Reverse Arrhenius
CH3+OH<=>CH20H+H
Reverse Arrhenius
CH3+0OH<=>CH2+H20
Reverse Arrhenius
CH3+H02<=>CH30+0H
Reverse Arrhenius
CH3+H02<=>CH4+02
Reverse Arrhenius
CH3+0<=>CH20+H
Reverse Arrhenius
CH3+02<=>CH30+0
Reverse Arrhenius
CH3+02<=>CH20+0H
Reverse Arrhenius coefficients:
CH3+02 (+M) <=>CH302 (+M)

Low pressure limit:
TROE centering: 0.60000E+00
CH302+CH20<=>CH302H+HCO

Reverse Arrhenius coefficients:
CH4+CH302<=>CH3+CH302H

Reverse Arrhenius coefficients:
CH30H+CH302<=>CH20H+CH302H
Reverse Arrhenius coefficients:
CH302+CH3<=>CH30+CH30

Reverse Arrhenius coefficients:
CH302+H02<=>CH302H+02

Reverse Arrhenius coefficients:
CH302+CH302<=>CH20+CH30H+02

coefficients:

coefficients:

coefficients:

coefficients:

coefficients:

coefficients:

coefficients:

Warning...all REV parameters are zero... 0.

this reaction will be treated as
CH302+CH302<=>02+CH30+CH30

Warning...all REV parameters are zero... 0.

this reaction will be treated as
CH302+H<=>CH30+0H
Reverse Arrhenius coefficients:
CH302+0<=>CH30+02
Reverse Arrhenius coefficients:
CH302+0H<=>CH30H+02
Reverse Arrhenius coefficients:
CH302H<=>CH30+0H
Reverse Arrhenius coefficients:
CH2 (S) +M<=>CH2+M
Reverse Arrhenius coefficients:
CH2 (S) +CH4<=>CH3+CH3
Reverse Arrhenius coefficients:
CH2 (S) +02<=>CO+OH+H

Warning...all REV parameters are zero... 0.

this reaction will be treated as
CH2 (S) +H2<=>CH3+H
Reverse Arrhenius
CH2 (S) +H<=>CH2+H
Reverse Arrhenius
CH2 (S) +H<=>CH+H2
Reverse Arrhenius
CH2 (S) +O<=>CO+H+H
Warning...all REV
this reaction will be treated as
CH2 (S) +OH<=>CH20+H
Reverse Arrhenius coefficients:
CH2 (S) +C02<=>CH20+CO
Reverse Arrhenius coefficients:
CH2+H (+M) <=>CH3 (+M)
Low pressure limit:
TROE centering:
H2
H20

coefficients:
coefficients:

coefficients:

0.68000E+00
Enhanced by 2.000E+00
Enhanced by 6.000E+00

-0.47600E+01
0.74000E+02

0.68500E+25 -0.30000E+01
0.10000E+04

parameters are zero... 0.

0.32000E+28 -0.31400E+01
0.78000E+02

3.00E+11 0.0 4074.0
7.42E+10 -0.1 10590.0
7.98E+12 0.5 81490.0
6.03E+13 0.0 0.0
1.27E+16 -0.6 383.0

0.24440E+04

0.29400E+04 0.69600E+04

6.14E+05 2.5 9587.0
6.73E+02 2.9 8047.0
5.83E+04 2.6 2190.0
6.78E+02 2.9 15540.0
1.02E+09 1.5 8600.0
5.80E+05 1.9 5648.0
1.13E+01 3.7 21010.0
7.17E+00 3.5 3468.0
2.46E+06 2.0 8270.0
1.74E+06 1.9 12980.0
8.00E+09 0.5 -1755.0
1.07E+12 0.3 68210.0
4.51E+17 -1.3 1417.0
1.65E+16 -0.9 1039.0
6.94E+07 1.3 11200.0
1.50E+12 0.5 -110.0
3.09E+07 1.6 4506.0
1.65E+11 0.7 -284.0
5.60E+07 1.6 5420.0
9.22E+05 2.1 14060.0
1.00E+12 0.3 -687.5
6.19E+12 0.1 24550.0
1.16E+05 2.2 -3022.0
2.02E+07 2.1 53210.0
5.54E+13 0.1 -136.0
3.83E+15 -0.1 68410.0
7.55E+12 0.0 28320.0
4.72E+14 -0.5 288.0
2.64E+00 3.3 8105.0
5.28E-01 3.5 59920.0
7.81E+09 0.9 0.0

0.00000E+00

0.70000E+02 0.17000E+04

1.99E+12 0.0 11660.0
1.32E+14 -0.9 9259.0
1.81E+11 0.0 18480.0
2.23E+12 -0.7 -655.0
1.81E+12 0.0 13710.0
2.35E+14 -1.0 2404.0
5.08E+12 0.0 -1411.0
1.97E+12 0.2 28070.0
2.47E+11 0.0 -1570.0
5.30E+14 -0.8 35520.0
3.11E+14 -1.6 -1051.0

0000e+000 0.000 0.000E+00
irreversible

1.40E+16 -1.6 1860.0
0000e+000 0.000 0.000E+00
irreversible

9.60E+13 0.0 0.0
1.72E+09 1.0 40780.0
3.60E+13 0.0 0.0
2.23E+11 0.6 57520.0
6.00E+13 0.0 0.0
1.54E+13 0.4 59160.0
6.31E+14 0.0 42300.0
2.51E+06 1.9 -2875.0
1.00E+13 0.0 0.0
4.49E+12 0.0 9020.0
1.60E+13 0.0 -570.0
5.07E+12 -0.1 13160.0
7.00E+13 0.0 0.0
0000e+000 0.000 0.000E+00
irreversible
7.00E+13 0.0 0.0
2.02E+16 -0.6 15270.0
3.00E+13 0.0 0.0
1.35E+13 0.0 9020.0
3.00E+13 0.0 0.0
6.95E+13 -0.3 12480.0
3.00E+13 0.0 0.0
0000e+000 0.000 0.000E+00
irreversible
3.00E+13 0.0 0.0
1.15E+18 -0.8 85230.0
3.00E+12 0.0 0.0
4.37E+10 0.4 59810.0
2.50E+16 -0.8 0.0

0.12300E+04

0.19950E+04 0.55900E+04
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co Enhanced by 1
co2 Enhanced by 2
CH4 Enhanced by 2.
C2H6 Enhanced by 3

CH2+02<=>CH20+0

Reverse Arrhenius coefficients:
CH2+02<=>CO2+H+H

Warning...all REV parameters are

.500E+00
.000E+00
000E+00
.000E+00
2.40E+12
5.96E+14
5.80E+12

zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible

CH2+02<=>CO+0OH+H
Warning...all REV parameters are

5.00E+12

zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible

CH2+0<=>CO+H+H
Warning...all REV parameters are

5.00E+13

zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible

CH2+H<=>CH+H2

Reverse Arrhenius coefficients:
Declared duplicate reaction...
CH2+0H<=>CH+H20

Reverse Arrhenius coefficients:
CH+02<=>HCO+0O

Reverse Arrhenius coefficients:
CH+0<=>CO+H

Reverse Arrhenius coefficients:
CH+OH<=>HCO+H

Reverse Arrhenius coefficients:
CH2+H<=>CH+H2

Reverse Arrhenius coefficients:
Declared duplicate reaction...
CH+H20<=>H+CH20

Reverse Arrhenius coefficients:
CH+C02<=>HCO+CO

Reverse Arrhenius coefficients:
CH3+CH3 (+M) <=>C2H6 (+M)

Low pressure limit: 0.11350E+37

TROE centering: 0.40500E+00
H2 Enhanced by 2.
H20 Enhanced by 6
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3

C2H5+H (+M) <=>C2H6 (+M)
Low pressure limit: 0.19900E+42

TROE centering: 0.84200E+00
H2 Enhanced by 2.
H20 Enhanced by 6
co Enhanced by 1
co2 Enhanced by 2.
CH4 Enhanced by 2
C2H6 Enhanced by 3

C2H6+H<=>C2H5+H2

Reverse Arrhenius coefficients:
C2H6+0<=>C2H5+0H

Reverse Arrhenius coefficients:
C2H6+0H<=>C2H5+H20

Reverse Arrhenius coefficients:
C2H6+02<=>C2H5+H02

Reverse Arrhenius coefficients:
C2H6+CH3<=>C2H5+CH4

Reverse Arrhenius coefficients:
C2H6+HO2<=>C2H5+H202

Reverse Arrhenius coefficients:
C2H6+CH302<=>C2H5+CH302H
Reverse Arrhenius coefficients:
C2H6+CH30<=>C2H5+CH30H

Reverse Arrhenius coefficients:
C2H6+CH<=>C2H5+CH2

Reverse Arrhenius coefficients:
CH2 (S) +C2H6<=>CH3+C2H5

Reverse Arrhenius coefficients:
C2H4+H (+M) <=>C2HS5 (+M)

Low pressure limit: 0.12000E+43

TROE centering: 0.97500E+00
H2 Enhanced by 2.
H20 Enhanced by 6
co Enhanced by 1
co2 Enhanced by 2
CH4 Enhanced by 2
C2H6 Enhanced by 3

H2+CH302<=>H+CH302H

Reverse Arrhenius coefficients:
C2H5+C2H3<=>C2H4+C2H4

Reverse Arrhenius coefficients:
CH3+C2H5<=>CH4+C2H4

Reverse Arrhenius coefficients:
C2H5+H<=>CH3+CH3

Reverse Arrhenius coefficients:
C2H5+H<=>C2H4+H2

Reverse Arrhenius coefficients:
C2H5+0<=>CH3CHO+H

Reverse Arrhenius coefficients:
C2H5+H02<=>C2H50+0H

Reverse Arrhenius coefficients:
CH302+C2H5<=>CH30+C2H50

1.00E+18
5.16E+18

1.13E+07
6.18E+08
3.30E+13
9.37E+12
5.70E+13
2.77E+15
3.00E+13
5.07E+14
2.70E+11
1.90E+11

1.71E+13
8.37E+14

1.70E+12
2.56E+11

9.21E+16

0.0 1500.0
-0.4 60980.0
0.0 1500.0
0.0 1500.0
0.0 0.0
-1.6 0.0
-1.8 3460.0
2.0 3000.0
1.7 21350.0
0.0 0.0
0.2 71210.0
0.0 0.0
0.0 176000.0
0.0 0.0
0.0 88110.0
0.7 25700.0
0.7 28730.0
0.0 -755.0
0.0 57520.0
0.0 685.0
0.0 66460.0
-1.2 635.8

-0.52460E+01 0.17050E+04

0.11200E+04 0.69600E+02

000E+00

.000E+00
.500E+00

000E+00

.000E+00
.000E+00

5.21E+17

-1.0

-0.70800E+01 0.66850E+04

0.12500E+03 0.22190E+04

000E+00

.000E+00
.500E+00

000E+00

.000E+00
.000E+00

1.15E+08
1.06E+04
3.55E+06
1.70E+02
1.48E+07
1.45E+04
6.03E+13
2.92E+10
1.51E-07
1.27E-08
3.46E+01
1.85E+00
1.94E+01
2.02E+01
2.41E+11
4.78E+08
1.10E+14
1.97E+09
1.20E+14
3.20E+12
1.08E+12

0.5

-0.76200E+01 0.69700E+04

0.21000E+03 0.98400E+03

000E+00

.000E+00
.500E+00
.000E+00
.000E+00
.000E+00

1.50E+14
1.69E+18
6.86E+11
4.82E+14
1.18E+04
2.39E+06
9.69E+13
2.03E+09
2.00E+12
4.44E+11
1.10E+14
1.03E+17
1.10E+13
9.68E+15
8.00E+12

0.10000E+11

1580.0

0.68820E+04

7530.0
9760.0
5830.0
6648.0
950.0
18070.0
51870.0
-593.0
6047.0
9817.0
16920.0
3151.0
17100.0
1734.0
7090.0
9547.0
-260.0
-1490.0
0.0
17500.0
1822.0

0.43740E+04

26030.0
8434.0
-4300.0
71530.0
-2921.0
66690.0
220.0
10510.0
0.0
68070.0
0.0
77420.0
0.0
27650.0
-1000.0
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Reverse Arrhenius coefficients: 4.40E+14 -0.4 30890.0

C2H50+02<=>CH3CHO+HO2 4.28E+10 0.0 1097.0
Reverse Arrhenius coefficients: 1.32E+08 0.6 34130.0
C2H50<=>CH3+CH20 1.32E+20 -2.0 20750.0
Reverse Arrhenius coefficients: 3.00E+11 0.0 6336.0
C2H50<=>CH3CHO+H 5.43E+15 -0.7 22230.0
Reverse Arrhenius coefficients: 8.00E+12 0.0 6400.0
C2H502<=>C2H5+02 1.31E+62 -14.8 49180.0
Reverse Arrhenius coefficients: 2.88E+56 -13.8 14620.0
C2H5+02<=>C2H4+HO2 7.56E+14 -1.0 4749.0
Reverse Arrhenius coefficients: 8.80E+14 -1.0 18130.0
Declared duplicate reaction...
C2H5+02<=>C2H4+HO2 4.00E-01 3.9 13620.0
Reverse Arrhenius coefficients: 4.66E-01 3.9 27000.0
Declared duplicate reaction...
C2H5+02<=>CH3CHO+0H 8.26E+02 2.4 5285.0
Reverse Arrhenius coefficients: 2.25E+03 2.3 65970.0
C2H502<=>CH3CHO+0H 2.52E+41 -10.2 43710.0
Reverse Arrhenius coefficients: 1.50E+36 -9.3 69840.0
C2H502<=>C2H4+H02 1.82E+38 -8.4 37890.0
Reverse Arrhenius coefficients: 4.63E+32 -7.4 16700.0
C2H301-2<=>CH3CO 8.50E+14 0.0 14000.0
Reverse Arrhenius coefficients: 1.00E+14 0.0 48710.0
C2H301-2<=>CH2CHO 1.00E+14 0.0 14000.0
Reverse Arrhenius coefficients: 1.24E+15 -0.4 44010.0
CH3CHO<=>CH3+HCO 7.69E+20 -1.3 86950.0
Reverse Arrhenius coefficients: 1.75E+13 0.0 0.0
CH3CHO+H<=>CH3CO+H2 2.37E+13 0.0 3642.0
Reverse Arrhenius coefficients: 1.64E+10 0.6 17600.0
CH3CHO+0<=>CH3CO+0H 5.94E+12 0.0 1868.0
Reverse Arrhenius coefficients: 2.13E+09 0.6 14410.0
CH3CHO+OH<=>CH3CO+H20 3.37E+12 0.0 -619.0
Reverse Arrhenius coefficients: 2.47E+10 0.5 28230.0
CH3CHO+02<=>CH3CO+HO02 3.01E+13 0.0 39150.0
Reverse Arrhenius coefficients: 1.09E+11 0.3 -1588.0
CH3CHO+CH3<=>CH3CO+CH4 7.08E-04 4.6 1966.0
Reverse Arrhenius coefficients: 4.47E-04 4.8 17460.0
CH3CHO+HO02<=>CH3CO+H202 3.01E+12 0.0 11920.0
Reverse Arrhenius coefficients: 1.20E+12 -0.1 9877.0
CH302+CH3CHO<=>CH302H+CH3CO 3.01E+12 0.0 11920.0
Reverse Arrhenius coefficients: 2.34E+13 -0.5 8282.0
CH3CHO+0H<=>CH3+HOCHO 3.00E+15 -1.1 0.0
Reverse Arrhenius coefficients: 2.37E+16 -1.3 23750.0
CH3CHO+OH<=>CH2CHO+H20 1.72E+05 2.4 815.0
Reverse Arrhenius coefficients: 1.33E+05 2.5 24950.0
CH3CO (+M) <=>CH3+CO (+M) 3.00E+12 0.0 16720.0
Low pressure limit: 0.12000E+16 0.00000E+00 0.12518E+05
CH3CO+H<=>CH2CO+H2 2.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 1.04E+13 0.2 60560.0
CH3CO+0<=>CH2CO+0H 2.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 5.38E+12 0.2 59140.0
CH3CO+CH3<=>CH2CO+CH4 5.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 2.36E+16 -0.2 62100.0
CH2CHO<=>CH2CO+H 4.07E+15 -0.3 50600.0
Reverse Arrhenius coefficients: 5.00E+13 0.0 12300.0
CH2CHO+02<=>CH20+CO+0H 8.95E+13 -0.6 10120.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
CH2+CO (+M) <=>CH2CO (+M) 8.10E+11 0.0 0.0
Low pressure limit: 0.26900E+34 -0.51100E+01 0.70950E+04
TROE centering: 0.59070E+00 0.27500E+03 0.12260E+04 0.51850E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
CH2CO+H<=>CH3+CO 1.10E+13 0.0 3400.0
Reverse Arrhenius coefficients: 2.40E+12 0.0 40200.0
CH2CO+H<=>HCCO+H2 2.00E+14 0.0 8000.0
Reverse Arrhenius coefficients: 1.43E+11 0.5 4520.0
CH2CO+0<=>CH2+C02 1.75E+12 0.0 1350.0
Reverse Arrhenius coefficients: 2.85E+09 0.8 49440.0
CH2CO+0<=>HCCO+OH 1.00E+13 0.0 8000.0
Reverse Arrhenius coefficients: 3.72E+09 0.5 3108.0
CH2CO+OH<=>HCCO+H20 1.00E+13 0.0 2000.0
Reverse Arrhenius coefficients: 7.60E+10 0.4 13410.0
CH2CO+0H<=>CH20H+CO 2.00E+12 0.0 -1010.0
Reverse Arrhenius coefficients: 8.17E+09 0.5 24530.0
CH2 (S) +CH2CO<=>C2H4+CO 1.60E+14 0.0 0.0
Reverse Arrhenius coefficients: 3.75E+14 0.2 103400.0
HCCO+O0H<=>H2+C0O+CO 1.00E+14 0.0 0.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
H+HCCO<=>CH2 (S) +CO 1.10E+13 0.0 0.0
Reverse Arrhenius coefficients: 4.06E+07 1.6 18540.0
HCCO+0<=>H+CO+CO 8.00E+13 0.0 0.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
HCCO+02<=>0H+CO+CO 4.20E+10 0.0 850.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
HCCO+M<=>CH+CO+M 6.50E+15 0.0 58820.0
Reverse Arrhenius coefficients: 7.60E+22 -1.9 0.0
CH+CH20<=>H+CH2CO 9.46E+13 0.0 -515.0

207



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.

Reverse Arrhenius coefficients: 1.62E+15 0.0 69060.0

CH+HCCO<=>CO+C2H2 5.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 1.72E+17 0.0 164600.0
C2H3+H (+M) <=>C2H4 (+M) 1.36E+14 0.2 660.0
Low pressure limit: 0.14000E+31 -0.38600E+01 0.33200E+04
TROE centering: 0.78200E+00 0.20750E+03 0.26630E+04 0.60950E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
C2H4 (+M) <=>C2H2+H2 (+M) 8.00E+12 0.4 88770.0
Low pressure limit: 0.15800E+52 -0.93000E+01 0.97800E+05
TROE centering: 0.73500E+00 0.18000E+03 0.10350E+04 0.54170E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
C2H4+H<=>C2H3+H2 5.07E+07 1.9 12950.0
Reverse Arrhenius coefficients: 1.60E+04 2.4 5190.0
C2H4+0<=>CH3+HCO 8.56E+06 1.9 183.0
Reverse Arrhenius coefficients: 3.30E+02 2.6 26140.0
C2H4+0<=>CH2CHO+H 4.99E+06 1.9 183.0
Reverse Arrhenius coefficients: 1.54E+09 1.2 18780.0
C2H4+0H<=>C2H3+H20 1.80E+06 2.0 2500.0
Reverse Arrhenius coefficients: 6.03E+03 2.4 9632.0
C2H4+CH3<=>C2H3+CH4 6.62E+00 3.7 9500.0
Reverse Arrhenius coefficients: 1.91E+00 3.8 3280.0
C2H4+02<=>C2H3+HO2 4.00E+13 0.0 58200.0
Reverse Arrhenius coefficients: 2.00E+10 0.2 -4249.0
C2H4+CH30<=>C2H3+CH30H 1.20E+11 0.0 6750.0
C2H4+CH302<=>C2H3+CH302H 8.59E+00 3.8 27132.0
CH+CH4<=>C2H4+H 6.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 3.57E+14 0.0 55480.0
CH2 (S) +CH3<=>C2H4+H 2.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 6.13E+19 -1.2 73050.0
C2H2+H (+M) <=>C2H3 (+M) 5.60E+12 0.0 2400.0
Low pressure limit: 0.38000E+41 -0.72700E+01 0.72200E+04
TROE centering: 0.75100E+00 0.98500E+02 0.13020E+04 0.41670E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
coz2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
C2H3+02<=>C2H2+HO02 2.12E-06 6.0 9484.0
Reverse Arrhenius coefficients: 1.09E-05 5.9 24030.0
C2H3+02<=>CH20+HCO 8.50E+28 -5.3 6500.0
Reverse Arrhenius coefficients: 3.99E+27 -4.9 93450.0
C2H3+02<=>CH2CHO+0 5.50E+14 -0.6 5260.0
Reverse Arrhenius coefficients: 3.00E+18 -1.4 16300.0
CH3+C2H3<=>CH4+C2H2 3.92E+11 0.0 0.0
Reverse Arrhenius coefficients: 3.50E+14 -0.2 70780.0
C2H3+H<=>C2H2+H2 9.64E+13 0.0 0.0
Reverse Arrhenius coefficients: 9.43E+13 0.3 69240.0
C2H3+0H<=>C2H2+H20 5.00E+12 0.0 0.0
Reverse Arrhenius coefficients: 5.18E+13 0.1 84130.0
C2H+H (+M) <=>C2H2 (+M) 1.00E+17 0.0 0.0
Low pressure limit: 0.37500E+34 -0.48000E+01 0.19000E+04
TROE centering: 0.64600E+00 0.13200E+03 0.13150E+04 0.55660E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
co Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
C2H2+02<=>HCCO+0OH 2.00E+08 1.5 30100.0
Reverse Arrhenius coefficients: 2.04E+06 1.5 32270.0
0+C2H2<=>C2H+0H 4.60E+19 -1.4 28950.0
Reverse Arrhenius coefficients: 9.00E+13 0.0 0.0
C2H2+0<=>CH2+CO 6.94E+06 2.0 1900.0
Reverse Arrhenius coefficients: 4.05E+01 3.2 48360.0
C2H2+0<=>HCCO+H 1.35E+07 2.0 1900.0
Reverse Arrhenius coefficients: 4.76E+07 1.6 20800.0
C2H2+0H<=>C2H+H20 3.37E+07 2.0 14000.0
Reverse Arrhenius coefficients: 4.52E+04 2.7 -428.0
C2H2+0H<=>CH2CO+H 3.24E+13 0.0 12000.0
Reverse Arrhenius coefficients: 3.06E+17 -0.8 35790.0
C2H2+0H<=>CH3+CO 4.83E-04 4.0 -2000.0
Reverse Arrhenius coefficients: 3.49E-06 4.6 52120.0
CH3COCH2<=>CH2CO+CH3 1.00E+14 0.0 31000.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 6000.0
CH3COCH202<=>CH3COCH2+02 2.02E+15 -1.0 24460.0
Reverse Arrhenius coefficients: 1.20E+11 0.0 -1100.0
CH20+CH3COCH202<=>HCO+CH3COCH202H 1.29E+11 0.0 9000.0
Reverse Arrhenius coefficients: 2.51E+10 0.0 10100.0
HO2+CH3COCH202<=>CH3COCH202H+02 1.00E+12 0.0 0.0
Warning...all REV parameters are zero... 0.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible
CH3COCH202H<=>CH3COCH20+0H 1.00E+16 0.0 43000.0
Reverse Arrhenius coefficients: 1.00E+15 -0.8 0.0
CH3COCH20<=>CH3CO+CH20 3.73E+20 -2.2 17260.0
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Reverse Arrhenius coefficients:
C2H3CHO<=>C2H3+HCO

Reverse Arrhenius coefficients:
C2H3CHO+H<=>C2H3CO+H2

Reverse Arrhenius coefficients:
C2H3CHO+0<=>C2H3CO+OH

Reverse Arrhenius coefficients:
C2H3CHO+0OH<=>C2H3CO+H20
Reverse Arrhenius coefficients:
C2H3CHO+02<=>C2H3CO+HO2

Reverse Arrhenius coefficients:
C2H3CHO+HO2<=>C2H3CO+H202
Reverse Arrhenius coefficients:
C2H3CHO+CH3<=>C2H3CO+CH4
Reverse Arrhenius coefficients:
C2H3CHO+C2H3<=>C2H3CO+C2H4
Reverse Arrhenius coefficients:
C2H3CHO+CH30<=>C2H3CO+CH30H
Reverse Arrhenius coefficients:
C2H3CHO+CH302<=>C2H3CO+CH302H
Reverse Arrhenius coefficients:
C2H3CO<=>C2H3+CO

Reverse Arrhenius coefficients:
C2H5CHO<=>C2H5+HCO

Reverse Arrhenius coefficients:
C3HS8 (+M) <=>CH3+C2H5 (+M)

Low pressure limit: 0.56400E+75
TROE centering: 0.31000E+00

H2 Enhanced by 2.
H20 Enhanced by 6
co Enhanced by 1
co2 Enhanced by 2
CH4 Enhanced by 2
C2H6 Enhanced by 3

C3HB8<=>NC3H7+H

Reverse Arrhenius coefficients:
C3H8<=>IC3H7+H

Reverse Arrhenius coefficients:
C3H8+02<=>IC3H7+HO2

Reverse Arrhenius coefficients:
C3HB8+02<=>NC3H7+H02

Reverse Arrhenius coefficients:
H+C3H8<=>H2+IC3H7
Reverse Arrhenius
H+C3HB8<=>H2+NC3H7
Reverse Arrhenius
C3H8+0<=>IC3H7+0H
Reverse Arrhenius
C3H8+0<=>NC3H7+0H
Reverse Arrhenius coefficients:
C3H8+0OH<=>NC3H7+H20

Reverse Arrhenius coefficients:
C3H8+0H<=>IC3H7+H20

Reverse Arrhenius coefficients:
C3H8+HO2<=>IC3H7+H202

Reverse Arrhenius coefficients:
C3H8+HO2<=>NC3H7+H202

Reverse Arrhenius coefficients:
CH3+C3H8<=>CH4+IC3H7

Reverse Arrhenius coefficients:
CH3+C3H8<=>CH4+NC3H7

Reverse Arrhenius coefficients:
IC3H7+C3H8<=>NC3H7+C3H8

Reverse Arrhenius coefficients:
C2H3+C3H8<=>C2H4+IC3H7

Reverse Arrhenius coefficients:
C2H3+C3H8<=>C2H4+NC3H7

Reverse Arrhenius coefficients:
C2H5+C3H8<=>C2H6+IC3H7

Reverse Arrhenius coefficients:
C2H5+C3H8<=>C2H6+NC3H7

Reverse Arrhenius coefficients:
C3H8+C3H5-A<=>NC3H7+C3H6
Reverse Arrhenius coefficients:
C3H8+C3H5-A<=>IC3H7+C3H6
Reverse Arrhenius coefficients:
C3H8+CH30<=>NC3H7+CH30H
Reverse Arrhenius coefficients:
C3H8+CH30<=>IC3H7+CH30H
Reverse Arrhenius coefficients:
CH302+C3H8<=>CH302H+NC3H7
Reverse Arrhenius coefficients:
CH302+C3H8<=>CH302H+IC3H7
Reverse Arrhenius coefficients:
IC3H7<=>H+C3H6

Reverse Arrhenius coefficients:
IC3H7+H<=>C2H5+CH3

Reverse Arrhenius coefficients:
IC3H7+02<=>C3H6+HO2

Reverse Arrhenius coefficients:
IC3H7+0H<=>C3H6+H20

Reverse Arrhenius coefficients:
IC3H7+0<=>CH3CHO+CH3

Reverse Arrhenius coefficients:
NC3H7<=>CH3+C2H4

coefficients:

coefficients:

coefficients:

-0.15740E+02
0.50000E+02
000E+00

.000E+00
.500E+00
.000E+00
.000E+00
.000E+00

1.00E+11 0.0 11900.0
2.00E+24 -2.1 103400.0
1.81E+13 0.0 0.0
1.34E+13 0.0 3300.0
3.31E+10 0.6 22680.0
5.94E+12 0.0 1868.0
7.62E+09 0.6 19840.0
9.24E+06 1.5 -962.0
2.42E+05 2.0 33310.0
1.00E+13 0.0 40700.0
1.30E+11 0.3 5391.0
3.01E+12 0.0 11920.0
4.30E+12 -0.1 15300.0
2.61E+06 1.8 5911.0
5.88E+06 1.9 26830.0
1.74E+12 0.0 8440.0
1.00E+13 0.0 28000.0
1.00E+12 0.0 3300.0
5.30E+10 0.4 22910.0
3.01E+12 0.0 11920.0
8.37E+13 -0.5 13710.0
1.37E+21 -2.2 39410.0
1.51E+11 0.0 4810.0
1.50E+27 -3.2 87040.0
1.81E+13 0.0 0.0
1.29E+37 -5.8 97380.0

0.98714E+05

0.30000E+04 0.90000E+04

3.75E+17 -0.4 101200.0
1.00E+14 0.0 0.0
2.38E+18 -0.7 98680.0
1.00E+14 0.0 0.0
2.00E+13 0.0 49640.0
1.76E+09 0.6 -169.0
6.00E+13 0.0 52290.0
3.35E+10 0.3 -59.0
1.17E+07 2.4 4471.0
2.19E+01 3.3 9351.0
1.33E+06 2.5 6756.0
1.42E+02 3.2 9096.0
5.49E+05 2.5 3140.0
4.79E+00 3.4 6608.0
3.71E+06 2.4 5505.0
2.05E+02 3.0 6433.0
1.05E+10 1.0 1586.0
1.19E+07 1.5 18820.0
4.67E+07 1.6 -35.0
8.33E+03 2.5 19740.0
5.88E+04 2.5 14860.0
5.72E+02 2.8 3742.0
8.10E+04 2.5 16690.0
5.00E+03 2.4 3030.0
6.40E+04 2.2 7520.0
9.82E+02 2.7 13940.0
9.04E-01 3.6 7154.0
8.79E-02 3.8 11030.0
3.00E+10 0.0 12900.0
3.00E+10 0.0 12900.0
1.00E+11 0.0 10400.0
1.31E+11 0.0 17800.0
1.00E+11 0.0 10400.0
1.31E+11 0.0 17800.0
1.00E+11 0.0 10400.0
3.63E+10 0.0 9934.0
1.00E+11 0.0 10400.0
3.63E+10 0.0 9934.0
7.94E+11 0.0 20500.0
5.37E+16 -1.3 13400.0
7.94E+11 0.0 16200.0
5.37E+16 -1.3 9095.0
3.00E+11 0.0 7000.0
1.22E+10 0.0 9182.0
3.00E+11 0.0 7000.0
1.22E+10 0.0 9182.0
8.10E+04 2.5 16690.0
9.72E+04 2.0 1435.0
5.88E+04 2.5 14860.0
1.11E+04 2.3 2147.0
6.92E+13 0.0 37690.0
2.64E+13 0.0 2160.0
2.00E+13 0.0 0.0
4.34E+07 1.2 8620.0
4.50E-19 0.0 5020.0
2.00E-19 0.0 17500.0
2.41E+13 0.0 0.0
2.98E+12 0.6 83820.0
4.82E+13 0.0 0.0
1.28E+11 0.8 86480.0
9.24E+10 0.9 30500.0
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277.
278.

279.

280.

281.

282.

283.
284.

286.

287.

288.

289.

290.

291.

292.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

NC3H7<=>H+C3H6
NC3H7+02<=>C3H6+HO02

Reverse Arrhenius coefficients:

C3H6<=>C2H3+CH3

Reverse Arrhenius coefficients:

C3H6<=>C3H5-A+H

Reverse Arrhenius coefficients:

C3H6+0<=>C2H5+HCO

Reverse Arrhenius coefficients:

C3H6+0<=>CH2CO+CH3+H

Warning...all REV parameters are zero...

4.14E+12
3.00E-19
2.00E-19
2.73E+62
6.82E+53
2.01E+61
2.04E+61
1.58E+07
9.19E+01
2.50E+07

this reaction will be treated as irreversible

C3H6+0=>CH3CHCO+H+H
C3H6+0<=>C3H5-A+0H

Reverse Arrhenius coefficients:

C3H6+0H<=>C3H5-A+H20

Reverse Arrhenius coefficients:

C3H6+HO2<=>C3H5-A+H202

Reverse Arrhenius coefficients:

C3H6+H<=>C3H5-A+H2

Reverse Arrhenius coefficients:

C3H6+H<=>C2H4+CH3

Reverse Arrhenius coefficients:

C3H6+02<=>C3H5-A+HO2

Reverse Arrhenius coefficients:

C3H6+CH3<=>C3H5-A+CH4

Reverse Arrhenius coefficients:

C3H6+C2H5<=>C3H5-A+C2H6

Reverse Arrhenius coefficients:

C3H6+CH302<=>C3H5-A+CH302H

Reverse Arrhenius coefficients:

C3H5-A<=>C2H2+CH3

Reverse Arrhenius coefficients:

C3H5-A<=>C3H4-A+H

Reverse Arrhenius coefficients:

C3H5-A+H02<=>C3H50+0H

Reverse Arrhenius coefficients:

C3H5-A+CH302<=>C3H50+CH30

Reverse Arrhenius coefficients:

C3H5-A+H<=>C3H4-A+H2

Reverse Arrhenius coefficients:

C3H5-A+CH3<=>C3H4-A+CH4

Reverse Arrhenius coefficients:

C3H5-A+C2H5<=>C2H6+C3H4-A

Reverse Arrhenius coefficients:

C3H5-A+C2H5<=>C2H4+C3H6

Reverse Arrhenius coefficients:

C3H5-A+C2H3<=>C2H4+C3H4-A

Reverse Arrhenius coefficients:

C3H4-A+C3H6<=>C3H5-A+C3H5-A

Reverse Arrhenius coefficients:

C3H5-A+02<=>C3H4-A+HO2

Reverse Arrhenius coefficients:

C3H5-A+02<=>CH2CHO+CH20

Reverse Arrhenius coefficients:

C3H5-A+02<=>C2H3CHO+0H

Reverse Arrhenius coefficients:

C3H5-A+02<=>C2H2+CH20+0H

Warning...all REV parameters are zero...

2.50E+07
5.24E+11
1.10E+11
3.12E+06
1.34E+07
2.70E+04
6.34E+06
1.73E+05
7.02E+04
2.30E+13
7.27E+07
4.00E+12
8.51E+12
2.21E+00
8.18E+02
1.00E+11
5.37E+05
3.24E+11
2.00E+10
2.40E+48
2.61E+46
4.19E+13
2.40E+11
7.00E+12
1.60E+12
7.00E+12
1.99E+15
1.23E+03
2.82E+00
1.00E+11
4.92E+12
4.00E+11
1.80E+12
4.00E+11
6.94E+16
1.00E+12
1.62E+13
4.75E+08
8.43E+10
2.18E+21
2.61E+19
7.14E+15
4.94E+16
2.47E+13
1.99E+13
9.72E+29

this reaction will be treated as irreversible

C3H4-A+M<=>C3H3+H+M

Reverse Arrhenius coefficients:

C3H4-A<=>C3H4-P

Reverse Arrhenius coefficients:

C3H4-A+02<=>C3H3+HO2

Reverse Arrhenius coefficients:

C3H4-A+HO2<=>CH2CO+CH2+0OH

Reverse Arrhenius coefficients:

C3H4-A+OH<=>CH2CO+CH3

Reverse Arrhenius coefficients:

C3H4-A+OH<=>C3H3+H20

Reverse Arrhenius coefficients:

C3H4-A+0<=>C2H4+CO

Reverse Arrhenius coefficients:

C3H4-A+0<=>C2H2+CH20

Reverse Arrhenius coefficients:

C3H4-A+H<=>C3H3+H2

Reverse Arrhenius coefficients:

C3H4-A+CH3<=>C3H3+CH4

Reverse Arrhenius coefficients:

C3H4-A+C3H5-A<=>C3H3+C3H6

Reverse Arrhenius coefficients:

C3H4-A+C2H<=>C3H3+C2H2

Reverse Arrhenius coefficients:

C3H4-P+M<=>C3H3+H+M

Reverse Arrhenius coefficients:

C3H4-P<=>C2H+CH3

Reverse Arrhenius coefficients:

C3H4-P+02<=>HCCO+OH+CH2

Reverse Arrhenius coefficients:

C3H4-P+02<=>C3H3+HO2

Reverse Arrhenius coefficients:

C3H4-P+HO02<=>C2H4+CO+0H

Reverse Arrhenius coefficients:

C3H4-P+0OH<=>C3H3+H20

1.14E+17
2.00E+17
1.20E+15
3.22E+18
4.00E+13
3.17E+11
4.00E+12
1.00E+00
3.12E+12
1.81E+17
1.00E+07
1.60E+05
7.80E+12
3.27E+08
3.00E-03
2.32E+02
2.00E+07
3.02E+04
3.67E-02
5.06E-02
2.00E+11
2.64E+19
1.00E+13
1.42E+16
1.14E+17
2.00E+17
4.20E+16
1.02E+12
1.00E+07
1.00E+00
2.00E+13
6.37E+11
3.00E+12
1.00E+00
1.00E+07

0.0000e+000 0.000 0.000E+00

0.0000e+000 0.000 0.000E+00

0.2 35600.0
0.0 3000.0
0.0 17500.0
-13.3 123200.0
-11.8 20550.0
-13.3 118500.0
-13.5 30610.0
1.8 -1216.0
2.7 23110.0
1.8 76.0
1.8 76.0
0.7 5884.0
0.7 20150.0
2.0 -298.0
1.9 30270.0
2.5 12340.0
1.8 12010.0
2.5 2492.0
2.5 18170.0
0.0 2547.0
1.3 11200.0
0.0 39900.0
-0.3 887.0
3.5 5675.0
3.1 22890.0
0.0 9800.0
1.3 16440.0
0.0 14900.0
0.0 15000.0
-9.9 82080.0
-9.8 36950.0
0.2 61930.0
0.7 3007.0
0.0 -1000.0
0.1 11660.0
0.0 -1000.0
-0.7 17020.0
3.0 2582.0
3.8 47220.0
0.0 0.0
0.1 47780.0
0.0 0.0
0.1 40330.0
0.0 0.0
-1.3 52800.0
0.0 0.0
0.1 48190.0
0.7 28700.0
0.0 -262.0
-2.9 30760.0
-2.4 20710.0
-1.2 21050.0
-1.4 88620.0
-0.4 23020.0
-0.6 75140.0
-5.7 21450.0
0.0 70000.0
0.0 -1000.0
0.0 92400.0
-1.0 96590.0
0.0 39160.0
-0.1 311.0
0.0 19000.0
0.0 0.0
0.0 -397.0
-1.4 36070.0
2.0 1000.0
2.2 31730.0
0.0 1600.0
1.3 121900.0
4.6 -4243.0
3.2 81190.0
2.0 5000.0
2.3 20840.0
4.0 6830.0
3.8 24210.0
0.0 7700.0
-2.7 42140.0
0.0 0.0
-1.4 53820.0
0.0 70000.0
0.0 -1000.0
0.0 100000.0
0.6 -1600.0
1.5 30100.0
0.0 0.0
0.0 41600.0
-0.2 1021.0
0.0 19000.0
0.0 0.0
2.0 1000.0



325.

326.

327.

328.
329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

Reverse Arrhenius coefficients:

C3H4-P+0OH<=>CH2CO+CH3

Reverse Arrhenius coefficients:

C3H4-P+0<=>C2H3+HCO

Reverse Arrhenius coefficients:

C3H4-P+0<=>HCCO+CH3

Reverse Arrhenius coefficients:

C3H4-P+0=>HCCO+CH2+H
C3H4-P+0<=>C3H3+0H

Reverse Arrhenius coefficients:

C3H4-P+H<=>C3H3+H2

Reverse Arrhenius coefficients:

C3H4-P+CH3<=>C3H3+CH4

Reverse Arrhenius coefficients:

C3H4-P+C2H<=>C3H3+C2H2

Reverse Arrhenius coefficients:

C3H4-P+C2H3<=>C3H3+C2H4

Reverse Arrhenius coefficients:

C3H4-P+C3H5-A<=>C3H3+C3H6

Reverse Arrhenius coefficients:

C3H3+0<=>CH20+C2H

Reverse Arrhenius coefficients:

C3H3+0H<=>C3H2+H20

Reverse Arrhenius coefficients:

C3H3+02<=>CH2CO+HCO

Reverse Arrhenius coefficients:

C3H3+CH3<=>C2H5+C2H

Reverse Arrhenius coefficients:

C3H2+02<=>HCO+HCCO

Reverse Arrhenius coefficients:

C3H4-A+HO2<=>C2H4+CO+0OH

Reverse Arrhenius coefficients:

C3H4-A+HO2<=>C3H3+H202

Reverse Arrhenius coefficients:

C2H2+CH3<=>C3H4-P+H

Reverse Arrhenius coefficients:

C2H2+CH3<=>C3H4-A+H

Reverse Arrhenius coefficients:

C3H3+H<=>C3H2+H2

Reverse Arrhenius coefficients:

C3H2+0H<=>C2H2+HCO

Reverse Arrhenius coefficients:

C3H2+02<=>HCCO+CO+H

Warning...all REV parameters are zero...
this reaction will be treated

CH3CHCO+0OH<=>C2H5+C02

Warning...all REV parameters are zero...
this reaction will be treated

CH3CHCO+H<=>C2H5+CO

Warning...all REV parameters are zero...
this reaction will be treated

CH3CHCO+0<=>CH3CHO+CO

Warning...all REV parameters are zero...
this reaction will be treated

NC3H702<=>NC3H7+02

Reverse Arrhenius coefficients:

IC3H702<=>IC3H7+02

Reverse Arrhenius coefficients:

NC3H702<=>C3H600H1-2

Reverse Arrhenius coefficients:

C3H600H1-2<=>C3H6+H02

Reverse Arrhenius coefficients:

C3H600H1-2<=>C2H4+CH20+0H

Warning...all REV parameters are zero...

0
as

0
as

0
as

0
as

0

6.44E+05 2.0 30000.0
5.00E-04 4.5 -1000.0
1.08E-02 4.1 31280.0
3.20E+12 0.0 2010.0
2.55E+12 -0.4 32350.0
9.60E+08 1.0 0.0
1.43E+04 1.8 26990.0
3.20E-19 0.0 2010.0
7.65E+08 1.5 8600.0
2.18E+08 1.3 22470.0
2.00E+07 2.0 5000.0
1.22E+05 2.1 19110.0
1.50E+00 3.5 5600.0
8.31E+00 3.2 21250.0
1.00E+12 0.0 0.0
5.30E+11 -0.4 49630.0
1.00E+12 0.0 7700.0
9.54E+11 -0.4 52450.0
1.00E+12 0.0 7700.0
4.93E+16 -1.7 37950.0
1.00E+13 0.0 0.0
5.45E+14 0.0 31610.0
1.00E+13 0.0 0.0
1.34E+15 0.0 15680.0
3.01E+10 0.0 2870.0
4.88E+11 0.0 59470.0
4.30E+15 -0.8 45630.0
1.81E+13 0.0 0.0
5.00E+13 0.0 0.0
2.33E+14 -0.2 77190.0
1.00E+12 0.0 14000.0
1.00E+00 0.0 0.0
3.00E+13 0.0 14000.0
1.55E+16 -1.4 44000.0
4.23E+08 1.1 12090.0
1.00E+14 0.0 4000.0
6.74E+19 -2.1 31590.0
6.41E+25 -3.3 21770.0
5.00E+13 0.0 0.0
6.00E+07 1.4 4110.0
5.00E+13 0.0 0.0
2.28E+16 -0.3 75020.0
5.00E+13 0.0 0.0
.0000e+000 0.000 0.000E+00
irreversible
1.73E+12 0.0 -1010.0
.0000e+000 0.000 0.000E+00
irreversible
4.40E+12 0.0 1459.0
.0000e+000 0.000 0.000E+00
irreversible
3.20E+12 0.0 -437.0
.0000e+000 0.000 0.000E+00
irreversible
2.40E+20 -1.6 35960.0
4.52E+12 0.0 0.0
3.13E+22 -2.2 38160.0
7.54E+12 0.0 0.0
6.00E+11 0.0 26850.0
1.12E+08 0.6 11720.0
7.83E+15 -1.3 15950.0
1.00E+11 0.0 11000.0
1.31E+33 -7.0 48120.0

.0000e+000 0.000 0.000E+00

this reaction will be treated as irreversible

C3H50<=>C2H3CHO+H

Reverse Arrhenius coefficients:

C3H50<=>C2H3+CH20

Reverse Arrhenius coefficients:

C3H50+02<=>C2H3CHO+HO2

Reverse Arrhenius coefficients:

IC3H702<=>C3H6+H02

Reverse Arrhenius coefficients:

NC3H702<=>C3H6+HO02

Reverse Arrhenius coefficients:

PC4H9<=>C2H5+C2H4

Reverse Arrhenius coefficients:

SC4H9<=>C3H6+CH3

Reverse Arrhenius coefficients:

PC4H9<=>C4H8-1+H

Reverse Arrhenius coefficients:

SC4H9<=>C4H8-1+H

Reverse Arrhenius coefficients:

PC4H9+02<=>C4H8-1+HO2

Reverse Arrhenius coefficients:

SC4H9+02<=>C4H8-1+HO2

Reverse Arrhenius coefficients:

C4H8-1<=>C3H5-A+CH3

Reverse Arrhenius coefficients:

C4HB8-1<=>C2H3+C2H5

Reverse Arrhenius coefficients:

C4H8-1<=>H+C4H71-3

Reverse Arrhenius coefficients:

C4H8-1+02<=>C4H71-3+HO2

Reverse Arrhenius coefficients:

1.00E+14 0.0 29100.0
1.68E+14 -0.2 19690.0
1.46E+20 -2.0 35090.0
1.50E+11 0.0 10600.0
1.00E+12 0.0 6000.0
1.29E+11 0.0 32000.0
1.01E+43 -9.4 41490.0
1.95E+33 -7.3 16670.0
5.04E+38 -8.1 40490.0
1.20E+30 -6.2 20420.0
3.50E+12 0.5 29470.0
1.32E+04 2.5 6130.0
4.80E+10 1.0 30350.0
1.76E+04 2.5 6130.0
2.62E+12 0.3 35700.0
2.50E+11 0.5 2620.0
3.03E+11 0.6 36820.0
4.24E+11 0.5 1230.0
2.00E-18 0.0 5000.0
2.00E-19 0.0 17500.0
2.00E-18 0.0 5000.0
2.00E-19 0.0 17500.0
5.08E+19 -1.3 76510.0
1.35E+13 0.0 0.0
2.88E+23 -2.0 101600.0
9.00E+12 0.0 0.0
3.72E+14 -0.1 85200.0
5.00E+13 0.0 0.0
2.00E+13 0.0 37190.0
4.65E+12 0.1 -168.0
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393.
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C4HB8-1+H<=>C4H71-3+H2

Reverse Arrhenius coefficients:

C4H8-1+H<=>C4H71-4+H2

Reverse Arrhenius coefficients:

C4H8-1+0H<=>C4H71-3+H20

Reverse Arrhenius coefficients:

C4H8-1+0H<=>C4H71-4+H20

Reverse Arrhenius coefficients:

C4H8-1+CH3<=>C4H71-3+CH4

Reverse Arrhenius coefficients:

C4H8-1+CH3<=>C4H71-4+CH4

Reverse Arrhenius coefficients:

C4H8-1+HO2<=>C4H71-3+H202

Reverse Arrhenius coefficients:

C4H8-1+HO2<=>C4H71-4+H202

Reverse Arrhenius coefficients:

C4H8-1+CH302<=>C4H71-3+CH302H

Reverse Arrhenius coefficients:

C4H8-1+CH302<=>C4H71-4+CH302H

Reverse Arrhenius coefficients:

C4H8-1+CH30<=>C4H71-3+CH30H

Reverse Arrhenius coefficients:

C4H8-1+CH30<=>C4H71-4+CH30H

Reverse Arrhenius coefficients:

C4H8-1+C3H5-A<=>C4H71-3+C3H6

Reverse Arrhenius coefficients:

C4H8-1+C4H6<=>C4H71-3+C4H71-3

Reverse Arrhenius coefficients:

C4H71-4<=>C2H4+C2H3

Reverse Arrhenius coefficients:

C4H71-4<=>C4H6+H
C4H71-3<=>C4H6+H

Reverse Arrhenius coefficients:

C4H71-3+C2H5<=>C4H8-1+C2H4

Reverse Arrhenius coefficients:

C4H71-3+CH30<=>C4H8-1+CH20

Reverse Arrhenius coefficients:

C4H71-3+0<=>C2H3CHO+CH3

Reverse Arrhenius coefficients:

C4H71-3+H02<=>C4H70+0H

Reverse Arrhenius coefficients:

C4H71-3+CH302<=>C4H70+CH30

Reverse Arrhenius coefficients:

C3H5-A+C4H71-3<=>C3H6+C4H6

Reverse Arrhenius coefficients:

C4H71-3+02<=>C4H6+HO2

Reverse Arrhenius coefficients:

H+C4H71-3<=>C4H6+H2

Reverse Arrhenius coefficients:

C2H5+C4H71-3<=>C4H6+C2H6

Reverse Arrhenius coefficients:

C2H3+C4H71-3<=>C2H4+C4H6

Reverse Arrhenius coefficients:

C4H71-3+C2H502<=>C4H70+C2H50

Reverse Arrhenius coefficients:

C4H70<=>CH3CHO+C2H3

Reverse Arrhenius coefficients:

C4H70<=>C2H3CHO+CH3

Reverse Arrhenius coefficients:

C4H6<=>C2H3+C2H3

Reverse Arrhenius coefficients:

C4H6+0H<=>C2H5+CH2CO

Reverse Arrhenius coefficients:

C4H6+0H<=>CH20+C3H5-A

Reverse Arrhenius coefficients:

C4H6+0H<=>C2H3+CH3CHO

Reverse Arrhenius coefficients:

C4H6+0<=>C2H4+CH2CO

Reverse Arrhenius coefficients:

C4H6+0<=>CH20+C3H4-A

Reverse Arrhenius coefficients:

C2H3+C2H4<=>C4H6+H

Reverse Arrhenius coefficients:

PC4H902<=>PC4H9+02

Reverse Arrhenius coefficients:

PC4HY902<=>C4H8-1+H02

Reverse Arrhenius coefficients:

C5H11-1<=>C2H4+NC3H7

Reverse Arrhenius coefficients:

C5H11-1<=>H+C5H10-1

Reverse Arrhenius coefficients:

C5H11-1<=>C5H11-2

Reverse Arrhenius coefficients:

C5H11-2<=>C3H6+C2H5

Reverse Arrhenius coefficients:

C5H11-2<=>C5H10-1+H

Reverse Arrhenius coefficients:

C5H10-1<=>C2H5+C3H5-A

Reverse Arrhenius coefficients:

C5H10-1+H<=>C5H91-4+H2

Reverse Arrhenius coefficients:

C5H10-140<=>C5H91-4+0H

Reverse Arrhenius coefficients:

C5H10-1+0H<=>C5H91-4+H20

Reverse Arrhenius coefficients:

3.38E+05
4.32E4+06
6.65E+05
3.04E+04
2.76E+04
1.53E406
5.27E+09
1.04E+09
3.69E+00
1.23E+03
4.52E-01
5.40E-01
4.82E+03
1.59E+06
2.38E+03
2.80E+03
4.82E+03
3.30E+06
2.38E+03
5.83E+03
4.00E+01
2.47E+02
2.17E+11
4.79E+09
7.90E+10
1.00E+11
2.35E+12
1.60E+12
8.77E+12
2.00E+11
3.00E+13
1.20E+14
4.00E+13
2.59E+12
1.15E+13
2.41E+13
2.48E+12
6.03E+13
3.38E+15
9.64E+12
7.29E+15
9.64E+12
7.12E+17
6.31E+12
1.00E+10
1.00E+09
1.00E+11
3.16E+13
1.07E+13
3.98E+12
3.21E+12
3.98E+12
1.16E+13
3.80E+12
2.00E+10
7.94E+14
1.00E+10
7.94E+14
1.00E+10
4.03E+19
1.26E+13
1.00E+12
3.73E+12
1.00E+12
3.50E+06
1.00E+12
5.44E+11
1.00E+12
6.38E+11
1.00E+12
1.08E+12
5.00E+11
1.00E+13
2.85E+20
4.52E+12
5.04E+38
1.60E+30
3.20E+12
8.80E+03
3.35E+11
2.50E+11
3.88E+09
1.60E+08
1.22E+12
8.80E+03
2.35E+10
4.24E+11
9.86E+21
4.00E+12
1.17E+07
2.78E+02
5.51E+05
5.17E+01
4.67E+07
4.32E+04

2.4

2.4

212

207.0
20330.0
6756.0
11030.0
-1919.0
33360.0
1586.0
21010.0
4002.0
24610.0
7154.0
11910.0
10530.0
14350.0
16490.0
4460.0
10530.0
11330.0
16490.0
1440.0
8609.0
27000.0
6458.0
9002.0
12400.0
17500.0
46720.0
0.0
36290.0
7800.0
35000.0
49300.0
1300.0
-131.0
49440.0
0.0
66330.0
0.0
81630.0
0.0
15530.0
0.0
20290.0
0.0
50000.0
0.0
17000.0
0.0
56810.0
0.0
49840.0
0.0
57710.0
-1200.0
0.0
19000.0
20000.0
19000.0
20000.0
98150.0
0.0
0.0
30020.0
0.0
71060.0
0.0
18550.0
0.0
94340.0
0.0
79050.0
7300.0
4700.0
35930.0
0.0
40490.0
20350.0
29430.0
6130.0
35640.0
2620.0
19760.0
22200.0
29360.0
6130.0
36680.0
1230.0
75060.0
-596.0
4471.0
11240.0
2830.0
7505.0
-35.0
21890.0
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420.
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425.
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428.

429.

430.

431.

432.

433.

434.

435.

437.

438.

439.

440.

441.

442.

443.

444,
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448.

449.

450.

451.
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455.

456.

457.

458.

459.

460.

461.

C5H10-1+CH3<=>C5H91-4+CH4
Reverse Arrhenius coefficients:
C5H10-1402<=>C5H91-4+HO2
Reverse Arrhenius coefficients:
C5H10-1+HO2<=>C5H91-4+H202
Reverse Arrhenius coefficients:
C5H10-1+CH302<=>C5H91-4+CH302H
Reverse Arrhenius coefficients:
C5H10-14+CH30<=>C5H91-4+CH30H
Reverse Arrhenius coefficients:
C5H91-4<=>C3H6+C2H3

Reverse Arrhenius coefficients:
C5H11-1+02<=>C5H10-1+H02
Reverse Arrhenius coefficients:
C5H11-2+02<=>C5H10-1+HO2
Reverse Arrhenius coefficients:
C5H1102-1<=>C5H11-1+02

Reverse Arrhenius coefficients:
C5H1102-1<=>C5H1000H1-3
Reverse Arrhenius coefficients:
C5H1102-1<=>C5H10-1+H02

Reverse Arrhenius coefficients:
C5H1000H1-3<=>0H+CH20+C4H8~-1

Warning...all REV parameters are zero... 0.

this reaction will be treated as
C5H1000H1-302<=>C5H1000H1-3+02
Reverse Arrhenius coefficients:
C5H1000H1-302<=>NC5KET13+0H
Reverse Arrhenius coefficients:
NCS5KET13<=>C2H5CHO+CH2CHO+0OH

Warning...all REV parameters are zero... 0.

this reaction will be treated as
C6H13-1+02<=>C6H12-1+HO2
Reverse Arrhenius coefficients:
C6H13-2+02<=>C6H12-1+HO2
Reverse Arrhenius coefficients:
C6H13-1<=>C2H4+PC4H9
Reverse Arrhenius coefficients:
C6H13-1<=>C6H12-1+H
Reverse Arrhenius coefficients:
C6H13-2<=>C3H6+NC3H7
Reverse Arrhenius coefficients:
C6H13-2<=>C6H12-1+H
Reverse Arrhenius coefficients:
C6H13-1<=>C6H13-2
Reverse Arrhenius coefficients:
C6H12-1<=>NC3H7+C3H5-A
Reverse Arrhenius coefficients:
C6H12-1+0H<=>C5H11-1+CH20
Warning...all REV parameters are zero...
this reaction will be treated as
C6H12-1+0<=>C5H11-1+HCO

o

Warning...all REV parameters are zero... 0.

this reaction will be treated as
C6H12-1+H<=>C6H111-5+H2
Reverse Arrhenius coefficients:
C6H12-1+0H<=>C6H111-5+H20
Reverse Arrhenius coefficients:
C6H12-1+CH3<=>C6H111-5+CH4
Reverse Arrhenius coefficients:
C6H12-1+H02<=>C6H111-5+H202
C6H12-1+CH302<=>C6H111-5+CH302H
Reverse Arrhenius coefficients:
C6H12-1+CH30<=>C6H111-5+CH30H
Reverse Arrhenius coefficients:
C6H1302-1<=>C6H13-1+02
Reverse Arrhenius coefficients:
C6H1302-1<=>C6H12-1+HO2
Reverse Arrhenius coefficients:
C6H1302-1<=>C6H1200H1-3
Reverse Arrhenius coefficients:
C6H1200H1-3<=>0H+CH20+C5H10-1

Warning...all REV parameters are zero... 0.

this reaction will be treated as
C6H1200H1-302<=>C6H1200H1-3+02
Reverse Arrhenius coefficients:
C6H1200H1-302<=>NC6KET13+0H
Reverse Arrhenius coefficients:
NC6KET13<=>NC3H7CHO+CH2CHO+OH

Warning...all REV parameters are zero... 0.

this reaction will be treated as
NC3H7COCH2<=>NC3H7+CH2CO
Reverse Arrhenius coefficients:
C7H15-1<=>C5H11-1+C2H4
Reverse Arrhenius coefficients:
C7TH15-1<=>C7H14-1+H
Reverse Arrhenius coefficients:
C7H15-1+02<=>C7H14-1+HO2
Reverse Arrhenius coefficients:
C7H14-1+0H<=>CH20+C6H13-1

Warning...all REV parameters are zero... 0.

this reaction will be treated as
C7H14-1+OH<=>CH3CHO+C5H11-1

Warning...all REV parameters are zero... 0.

this reaction will be treated as

1.36E+01 3.5 5481.0
8.43E-03 4.2 12730.0
2.00E+13 0.0 49640.0
7.76E+07 1.1 -1072.0
9.64E+03 2.6 13910.0
5.29E+01 3.0 4372.0
9.64E+03 2.6 13910.0
1.10E+02 2.9 1352.0
1.45E+11 0.0 4571.0
1.49E+07 0.8 9611.0
5.81E+11 0.2 35850.0
1.00E+11 0.0 7800.0

8.37E-01 3.6 11960.0
1.31E+00 3.4 27810.0

5.35E-01 3.7 9322.0
2.02E+01 3.1 22740.0

2.34E+20 -1.6 35830.0
4.52E+12 0.0 0.0

2.50E+10 0.0 20850.0
2.60E+09 -0.1 7850.0

5.04E+38 -8.1 40490.0
1.52E+31 -6.7 20510.0

8.28E+13 -0.2 30090.0
0000e+000 0.000 0.000E+00
irreversible

8.04E+22 -2.3 37970.0

7.54E+12 0.0 0.0
2.50E+10 0.0 21000.0
1.11E+03 1.5 44740.0
1.05E+16 0.0 41600.0
0000e+000 0.000 0.000E+00
irreversible
3.00E-19 0.0 3000.0
2.00E-19 0.0 17500.0
4.50E-19 0.0 5020.0
2.00E-19 0.0 17500.0
6.39E+19 -2.0 30640.0
3.30E+11 0.0 7200.0
9.62E+13 -0.3 36000.0
1.00E+13 0.0 2900.0
1.83E+19 -1.8 30170.0
1.50E+11 0.0 7200.0
6.25E+12 0.1 36820.0
1.00E+13 0.0 1200.0
5.48E+08 1.6 38760.0
3.56E+07 2.0 41270.0
1.00E+16 0.0 71000.0
1.00E+13 0.0 0.0
1.00E+11 0.0 -4000.0
.0000e+000 0.00 0.000E+00
irreversible
1.00E+11 0.0 -1050.0
0000e+000 0.00 0.000E+00
irreversible
1.17E+07 2.4 4471.0
3.90E+03 2.7 11250.0
4.67E+07 1.6 -35.0
6.06E+05 1.9 21900.0
1.36E+01 3.5 5481.0
1.18E-01 3.8 12740.0
9.64E+03 2.6 13910.0
9.64E+03 2.6 13910.0
1.55E+03 2.4 1362.0
1.45E+11 0.0 4571.0
2.10E+08 0.4 9621.0
5.15E+20 -1.7 35790.0
4.52E+12 0.0 0.0
5.04E+38 -8.1 40490.0

9.64E+29 -6.2 20470.0
2.50E+10 0.0 20850.0
3.00E+09 -0.1 7860.0

7.70E+13 -0.2 30090.0
0000e+000 0.00 0.000E+00
irreversible

8.87E+22 -2.3 37980.0

7.54E+12 0.0 0.0

2.50E+10 0.0 21000.0

8.82E+02 1.6 44710.0

1.00E+16 0.0 39000.0
0000e+000 0.00 0.000E+00
irreversible

1.23E+18 -1.4 43450.0
1.00E+11 0.0 11600.0
1.23E+19 -1.9 31400.0
1.00E+11 0.0 8200.0
9.65E+13 -0.3 36010.0
1.00E+13 0.0 2900.0
3.00E-09 0.0 3000.0
6.52E-10 0.2 18760.0
1.00E+11 0.0 -4000.0
0000e+000 0.00 0.000E+00
irreversible
1.00E+11 0.0 -4000.0

0000e+000 0.00 0.000E+00
irreversible
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468.
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472.
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C7H14-1+0<=>CH2CHO+C5H11-1

Warning...all REV parameters are zero...

0.

this reaction will be treated as

C7H14-1<=>PC4H9+C3H5-A

Reverse Arrhenius coefficients:
C7H1502-1<=>C7H15-1+02

Reverse Arrhenius coefficients:
C7H1502-1<=>C7H14-1+HO02
C7H1502-1<=>C7H1400H1-3
C7H1400H1-3<=>C7H1401-3+0H

Warning...all REV parameters are zero...

0.

this reaction will be treated as

C7H1400H1-3<=>0H+CH20+C6H12-1

Warning...all REV parameters are zero...

0.

this reaction will be treated as

C7H1400H1-3<=>C4H700H1-4+NC3H7
Reverse Arrhenius coefficients:
C7H1400H1-302<=>C7H1400H1-3+02
Reverse Arrhenius coefficients:
C7H1401-3+0H<=>C6H12-1+HCO+H20

Warning...all REV parameters are zero...

0.

this reaction will be treated as

C7H1401-3+H02<=>C6H12-1+HCO+H202

Warning...all REV parameters are zero...

0.

this reaction will be treated as

NC5H11CHO+02<=>NC5H11CO+HO2
Reverse Arrhenius coefficients:
NC5H11CHO+OH<=>NC5H11CO+H20
Reverse Arrhenius coefficients:
NC5H11CHO+H<=>NC5H11CO+H2
Reverse Arrhenius coefficients:
NC5H11CHO+0<=>NC5H11CO+0OH
Reverse Arrhenius coefficients:
NC5H11CHO+HO2<=>NC5H11CO+H202
Reverse Arrhenius coefficients:
NC5H11CHO+CH3<=>NC5H11CO+CH4
Reverse Arrhenius coefficients:
NC5H11CHO+CH30<=>NC5H11CO+CH30H
Reverse Arrhenius coefficients:

NC5H11CHO+CH302<=>NC5H11CO+CH302H

Reverse Arrhenius coefficients:
NC5H11CO<=>C5H11-1+CO

Reverse Arrhenius coefficients:
NC4H9COCH2<=>PC4H9+CH2CO
Reverse Arrhenius coefficients:
C4HT700H1-4<=>C4H701-4+0H
Reverse Arrhenius coefficients:
C4H701-4<=>CH20+C3H5-A
Reverse Arrhenius coefficients:
C6H12-1<=>C3H6+C3H6
PC4H9+C2H3<=>C6H12-1
C4H71-4+C2H5<=>C6H12-1
C6H12-1+02<=>C6H111-5+H02
C6H12-1+0<=>C6H111-5+0H
C3H5-A+C3H6=C6H111-5
C12H25-1+H=NC12H26
C12H25-2+H=NC12H26
C12H25-3+H=NC12H26
ISO8+H=NC12H26

Declared duplicate reaction...
ISO8+H=NC12H26

Declared duplicate reaction...
ISO8+H=NC12H26

Declared duplicate reaction...
C10H21-1+C2H5=NC12H26
C9H19-1+NC3H7=NC12H26
C8H17-1+PC4H9=NC12H26
C7H15-1+C5H11-1=NC12H26
C6H13-1+C6H13-1=NC12H26
NC12H26+H=C12H25-1+H2
NC12H26+H=C12H25-2+H2
NC12H26+H=C12H25-3+H2
NC12H26+H=ISO8+H2

Declared duplicate reaction...
NC12H26+H=ISO8+H2

Declared duplicate reaction...
NC12H26+H=ISO08+H2

Declared duplicate reaction...
NC12H26+0H=C12H25-1+H20
NC12H26+0H=C12H25-2+H20
NC12H26+0H=C12H25-3+H20
NC12H26+0H=IS08+H20

Declared duplicate reaction...
NC12H26+0H=IS08+H20

Declared duplicate reaction...
NC12H26+0H=IS08+H20

Declared duplicate reaction...
NC12H26+0=C12H25-1+0H
NC12H26+0=C12H25-2+0H
NC12H26+0=C12H25-3+0H
NC12H26+0=IS08+0H

Declared duplicate reaction...
NC12H26+0=IS08+0H

Declared duplicate reaction...
NC12H26+0=IS08+0H

1.00E+11 0.0 -1050.0
0000e+000 0.00 0.000E+00
irreversible

3.17E+21 -1.6 75330.0
1.00E+13 0.0 0.0

2.66E+20 -1.7 35400.0
4.52E+12 0.0 0.0

4.31E+36 -7.5 39510.0
2.50E+10 0.0 20450.0
7.50E+10 0.0 15250.0

0000e+000 0.00 0.000E+00
irreversible

2.15E+09 1.2 30370.0
0000e+000 0.00 0.000E+00
irreversible

1.61E+12 0.5 27740.0
2.20E+03 2.5 6130.0
1.37E+23 -2.4 37640.0
7.54E+12 0.0 0.0
2.50E+12 0.0 0.0

0000e+000 0.00 0.000E+00
irreversible

5.00E+12 0.0 17700.0
0000e+000 0.00 0.000E+00
irreversible

2.00E+13 0.5 42200.0
1.00E+07 0.0 40000.0
2.69E+10 0.8 -340.0
1.74E+10 0.8 31200.0
4.00E+13 0.0 4200.0
1.80E+13 0.0 24000.0
5.00E+12 0.0 1790.0
1.00E+12 0.0 19000.0
2.80E+12 0.0 13600.0
1.00E+12 0.0 10000.0
1.70E+12 0.0 8440.0
1.50E+13 0.0 28000.0
1.15E+11 0.0 1280.0
3.00E+11 0.0 18000.0
1.00E+12 0.0 9500.0
2.50E+10 0.0 10000.0
1.00E+11 0.0 9600.0
1.00E+11 0.0 0.0
1.55E+18 -1.4 43140.0
1.00E+11 0.0 11600.0
2.02E+20 -1.5 47040.0
2.00E+13 0.0 0.0
2.41E+16 -1.1 7550.0
1.00E+11 0.0 11900.0
4.00E+12 0.0 58000.0
1.00E+13 0.0 0.0
8.00E+12 0.0 0.0
2.00E+13 0.0 49640.0
5.51E+05 2.5 2830.0
4.00E+11 0.0 16900.0
1.00E+14 0.0 0.0
1.00E+14 0.0 0.0
1.00E+14 0.0 0.0
1.00E+14 0.0 0.0
1.00E+14 0.0 0.0
1.00E+14 0.0 0.0
8.00E+12 0.0 0.0
8.00E+12 0.0 0.0
8.00E+12 0.0 0.0
8.00E+12 0.0 0.0
8.00E+12 0.0 0.0
1.33E+06 2.5 6756.0
2.60E+06 2.4 4471.0
2.60E+06 2.4 4471.0
2.60E+06 2.4 4471.0
2.60E+06 2.4 4471.0
2.60E+06 2.4 4471.0
1.06E+10 1.0 1590.0
9.40E+07 1.6 -35.0
9.40E+07 1.6 -35.0
9.40E+07 1.6 -35.0
9.40E+07 1.6 -35.0
9.40E+07 1.6 -35.0
1.96E+06 2.4 4750.0
1.10E+06 2.5 2830.0
1.10E+06 2.5 2830.0
1.10E+06 2.5 2830.0
1.10E+06 2.5 2830.0
1.10E+06 2.5 2830.0
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Declared duplicate reaction...

NC12H26+H02=C12H25-1+H202
NC12H26+H02=C12H25-2+H202
NC12H26+HO2=C12H25-3+H202
NC12H26+H02=IS08+H202

Declared duplicate reaction...

NC12H26+HO2=IS08+H202

Declared duplicate reaction...

NC12H26+H02=IS08+H202

Declared duplicate reaction...

NC12H26+CH3=C12H25-1+CH4
NC12H26+CH3=C12H25-2+CH4
NC12H26+CH3=C12H25-3+CH4
NC12H26+CH3=IS08+CH4

Declared duplicate reaction...

NC12H26+CH3=IS08+CH4

Declared duplicate reaction...

NC12H26+CH3=IS08+CH4

Declared duplicate reaction...

NC12H26+02=C12H25-1+HO2
NC12H26+02=C12H25-2+H02
NC12H26+02=C12H25-3+H02
NC12H26+02=IS08+H02

Declared duplicate reaction...

NC12H26+02=IS08+H02

Declared duplicate reaction...

NC12H26+02=IS08+H02

Declared duplicate reaction...

NC12H26+C2H3=C12H25-1+C2H4
NC12H26+C2H3=C12H25-2+C2H4
NC12H26+C2H3=C12H25-3+C2H4
NC12H26+C2H3=IS08+C2H4

Declared duplicate reaction...

NC12H26+C2H3=IS08+C2H4

Declared duplicate reaction...

NC12H26+C2H3=IS08+C2H4

Declared duplicate reaction...

NC12H26+C2H5=C12H25-1+C2H6
NC12H26+C2H5=C12H25-2+C2H6
NC12H26+C2H5=C12H25-3+C2H6
NC12H26+C2H5=IS08+C2H6

Declared duplicate reaction...

NC12H26+C2H5=IS08+C2H6

Declared duplicate reaction...

NC12H26+C2H5=IS08+C2H6

Declared duplicate reaction...

NC12H26+CH30<=>C12H25-1+CH30H
NC12H26+CH30<=>C12H25-2+CH30H
NC12H26+CH30<=>C12H25-3+CH30H
NC12H26+CH30<=>IS08+CH30H

Declared duplicate reaction...

NC12H26+CH30<=>IS08+CH30H

Declared duplicate reaction...

NC12H26+CH30<=>IS08+CH30H

Declared duplicate reaction...

NC12H26+CH302<=>C12H25-1+CH302H
NC12H26+CH302<=>C12H25-2+CH302H
NC12H26+CH302<=>C12H25-3+CH302H

NC12H26+CH302<=>IS08+CH302H

Declared duplicate reaction...

NC12H26+CH302<=>IS08+CH302H

Declared duplicate reaction...

NC12H26+CH302<=>IS08+CH302H

Declared duplicate reaction...

C12H25-1=C2H4+C10H21-1
H+C12H24-1=C12H25-1
C12H25-2=C3H6+C9H19-1
H+C12H24-1=C12H25-2
H+C12H24-2=C12H25-2
C12H25-3=C4H8-1+C8H17-1
H+C12H24-2=C12H25-3
H+IS013=C12H25-3
IS08=C5H10-1+C7H15-1
IS08=C2H5+C10H20-1
H+IS013=1508

Declared duplicate reaction...

H+IS013=I508

Declared duplicate reaction...

IS08=C6H12-1+C6H13-1
ISO8=NC3H7+C9H18-1
H+IS013=I508

Declared duplicate reaction...

H+IS013=I508

Declared duplicate reaction...

ISO8=C7H14-1+C5H11-1
H+IS013=IS08

Declared duplicate reaction...

C10H21-1=C2H4+C8H17-1
H+C10H20-1=C10H21-1
C10H21-2=C3H6+C7H15-1
H+C10H20-1=C10H21-2
C10H21-5=C6H12-1+PC4H9
C10H21-5=NC3H7+C7H14-1
C9H19-1=C2H4+C7H15-1
H+C9H18-1=C9H19-1
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.08E+01
.88E+02
.88E+02
.88E+02

.88E+02

.88E+02

.06E-01
.02E+00
.02E+00
.02E+00

.02E+00

.02E+00

.00E+13
.00E+13
.00E+13
.00E+13

.00E+13

.00E+13

.00E+12
.00E+11
.00E+11
.00E+11

.00E+11

.00E+11

.00E+11
.00E+11
.00E+11
.00E+11

.00E+11

.00E+11

.34E+11
.90E+11
.90E+11
.90E+11

.90E+11

.90E+11

.39E+00
.04E+01
.04E+01
.04E+01

.04E+01

.04E+01

.12E+11
.50E+11
.00E+11
.24E+11
.50E+11
.00E+11
.50E+11
.50E+11
L96E+11
.96E+11
.65E+11

.65E+11

.07E+11
.07E+11
L47E+10

L47E+10

.63E+10
.01E+10

L12E+11
.50E+11
.00E+11
L24E+11
.00E+11
.00E+11
L12E+11
.50E+11
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17160.
12300.
12300.
12300.

12300.

12300.

7154.
5481.
5481.
5481.

5481.

5481.

52290.
49640.
49640.
49640.

49640.

49640.

18000.
16800.
16800.
16800.

16800.

16800.

13400.
10400.
10400.
10400.

10400.

10400.

6458.
4571.
4571.
4571.

4571.

4571.

18280.
14810.
14810.
14810.

14810.

14810.

27238.
2620.
27650.
1230.
2620.
27650.
2620.
2620.
27650.
27650.
2620.

2620.

27650.
27650.
2620.

2620.

27650.
2620.

27238.
2620.
27650.
1230.
27650.
27650.
27238.
2620.
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588.
589.
590.
591.
592.
593.
594.
595.
596.
597.
598.
599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.
611.

612.
613.
614.
615.
616.
617.
618.
619.
620.
621.
622.
623.
624.
625.
626.
627.
628.
629.
630.
631.
632.
633.
634.
635.
636.
637.
638.
639.
640.
641.
642.

643.
644.

645.

C9H19-4=C5H10-1+PC4H9 6.00E+11 0.5 27650.
C9H19-4=C2H5+C7H14-1 6.00E+11 0.5 27650.
C9H19-5=C6H12-1+NC3H7 6.00E+11 0.5 27650.
C8H17-1=C2H4+C6H13-1 9.12E+11 0.3 27238.
C8H17-4=C5H10-1+NC3H7 6.00E+11 0.5 27650.
C8H17-4=C2H5+C6H12-1 6.00E+11 0.5 27650.
C12H25-1=IS08 6.92E+00 3.2 16558.
Declared duplicate reaction...
C12H25-1=IS08 1.82E+02 2.5 10960.
Declared duplicate reaction...
C12H25-1=IS08 2.96E+00 3.1 11020.
Declared duplicate reaction...
C12H25-2=IS08 1.42E+00 3.3 16140.
Declared duplicate reaction...
C12H25-2=IS08 1.86E+00 3.3 13200.
Declared duplicate reaction...
C12H25-2=IS08 6.00E-01 3.4 14000.
Declared duplicate reaction...
C12H25-3=1S08 1.42E+00 3.3 16140.
Declared duplicate reaction...
Declared duplicate reaction...
C12H25-3=IS08 1.86E+00 3.3 13200.
Declared duplicate reaction...
C12H25-3=IS08 6.00E-01 3.4 14000.
Declared duplicate reaction...
IS08=1S08 2.28E-01 3.3 16140.
Declared duplicate reaction...
IS08=IS08 3.33E-01 3.3 13200.
Declared duplicate reaction...
C10H21-1=C10H21-5 1.82E+02 2.5 10960.
Declared duplicate reaction...
C10H21-1=C10H21-5 2.96E+00 3.1 11020.
Declared duplicate reaction...
C10H21-2=C10H21-5 1.42E+00 3.3 16140.
Declared duplicate reaction...
C10H21-2=C10H21-5 1.86E+00 3.3 13200.
Declared duplicate reaction...
C9H19-1=C9H19-4 6.92E+00 3.2 16558.
Declared duplicate reaction...
C9H19-1=COH19-5 1.82E+02 2.5 10960.
C9H19-1=C9H19-4 2.96E+00 3.1 11020.
Declared duplicate reaction...
C8H17-1=C8H17-4 6.92E+00 3.2 16558.
Declared duplicate reaction...
C8H17-1=C8H17-4 1.82E+02 2.5 10960.
Declared duplicate reaction...
C12H24-1+HO02<=>C12H23+H202 7.58E+02 3.4 13720.
C12H24-2+H02<=>C12H23+H202 7.58E+02 3.4 13720.
IS013+H02<=>C12H23+H202 2.54E+02 3.4 13720.
Declared duplicate reaction...
ISO13+H02<=>C12H23+H202 3.85E+02 3.4 13720.
Declared duplicate reaction...
IS013+H02<=>C12H23+H202 1.19E+02 3.4 13720.
Declared duplicate reaction...
C12H24-1+0OH=C12H23+H20 5.62E+07 1.6 -35.
C12H24-2+0H=C12H23+H20 5.62E+07 1.6 -35.
ISO13+0OH=C12H23+H20 1.88E+07 1.6 -35.
Declared duplicate reaction...
ISO13+0H=C12H23+H20 2.85E+07 1.6 -35.
Declared duplicate reaction...
ISO13+0OH=C12H23+H20 8.86E+06 1.6 -35.
Declared duplicate reaction...
C12H24-1+H=C12H23+H2 1.56E+07 2.4 4471.
C12H24-2+H=C12H23+H2 1.56E+07 2.4 4471.
ISO13+H=C12H23+H2 5.22E+06 2.4 4471.
Declared duplicate reaction...
ISO13+H=C12H23+H2 7.92E+06 2.4 4471.
Declared duplicate reaction...
ISO13+H=C12H23+H2 2.46E+06 2.4 4471.
Declared duplicate reaction...
C12H24-1+CH3=C12H23+CH4 1.81E+01 3.5 5481.
C12H24-2+CH3=C12H23+CH4 1.81E+01 3.5 5481.
ISO13+CH3=C12H23+CH4 6.05E+00 3.5 5481.
Declared duplicate reaction...
ISO13+CH3=C12H23+CH4 9.19E+00 3.5 5481.
Declared duplicate reaction...
ISO13+CH3=C12H23+CH4 2.85E+00 3.5 5481.
Declared duplicate reaction...
C12H24-1+0=C12H23+0H 6.62E+06 2.5 2830.
C12H24-2+0=C12H23+0H 6.62E+06 2.5 2830.
I1S013+0=C12H23+0H 2.21E+06 2.5 2830.
Declared duplicate reaction...
I1S013+0=C12H23+0H 3.36E+06 2.5 2830.
Declared duplicate reaction...
IS013+0=C12H23+0H 1.04E+06 2.5 2830.
Declared duplicate reaction...
C9H18-1+H02<=>C9H17+H202 5.59E+02 3.4 13720.
C9H18-1+0OH=C9H17+H20 4.21E+08 1.6 -35.
C9H18-1+H=COH17+H2 1.17E+07 2.4 4471.
C9H18-1+CH3=C9H17+CH4 1.36E+01 3.5 5481.
C9H18-1+0=C9H17+0H 4.97E+06 2.5 2830.
C12H24-1+0OH=CH3CHO+C10H21-1 1.00E+11 0.0 -4000.

Warning...all REV parameters are zero... 0.0000e+000 0.00 0.000E+00
this reaction will be treated as irreversible

C12H24-1+0=CH2CHO+C10H21-1 1.00E+11 0.0 -1050.
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646.

647.

648.

649.

650.

651.

652.

653.

654.

655.

656.

657.

658.

659.

660.
661.
662.
663.
664.
665.
666.
667.
668.
669.
670.
671.
672.
673.
674.
675.
676.
677.
678.
679.
680.
681.
682.
683.
684.
685.
686.
687.
688.

689.

Warning...all REV parameters
this reaction will
C12H24-2+0H=CH3CHO+C10H21-1
Warning...all REV parameters
this reaction will
C12H24-2+0H=C2H5CHO+C9H19-1
Warning...all REV parameters
this reaction will
C12H24-2+0=CH3CHO+C10H20-1
Warning...all REV parameters
this reaction will
ISO13+0H=C2H5CHO+C9H19-1
Warning...all REV parameters
this reaction will
ISO13+0OH=NC3H7CHO+C8H17-1
Warning...all REV parameters
this reaction will

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

Declared duplicate reaction...

ISO13+0=C2H5CHO+C9H18-1
Warning...all REV parameters
this reaction will
ISO13+0OH=NC3H7CHO+C8H17-1
Warning...all REV parameters
this reaction will

are zero...
be treated

are zero...
be treated

Declared duplicate reaction...

ISO13+0OH=NC5H11CHO+C6H13-1
Warning...all REV parameters
this reaction will
C10H20-1+OH=CH20+C9H19-1
Warning...all REV parameters
this reaction will
C10H20-1+OH=CH3CHO+C8H17-1
Warning...all REV parameters
this reaction will
C10H20-1+0=CH2CHO+C8H17-1
Warning...all REV parameters
this reaction will
C9H18-1+OH=CH20+C8H17-1
Warning...all REV parameters
this reaction will
C9H18-1+OH=CH3CHO+C7H15-1
Warning...all REV parameters
this reaction will
C9H18-1+0=CH2CHO+C7H15-1
Warning...all REV parameters
this reaction will
C12H23=C2H3+C10H20-1

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

Reverse Arrhenius coefficients:

C12H23=C3H5-A+C9H18-1

Reverse Arrhenius coefficients:

C12H23=C9H17+C3H6

Reverse Arrhenius coefficients:

CO9H17=C2H3+C7H14-1

Reverse Arrhenius coefficients:

CO9H17=C3H5-A+C6H12-1

Reverse Arrhenius coefficients:

C12H24-1=C9H19-1+C3H5-A

Reverse Arrhenius coefficients:

C10H20-1=C7H15-1+C3H5-A

Reverse Arrhenius coefficients:

C9H18-1=C6H13-1+C3H5-A

Reverse Arrhenius coefficients:

C9H18-1=C6H12-1+C3H6

C10H20-1=C7H14-1+C3H6
C12H24-1=C9H18-1+C3H6
ISO013=C7H14-1+C5H10-1

Declared duplicate reaction...

ISO13=C6H12-1+C6H12-1
ISO13=C2H4+C10H20-1
ISO13=C5H10-1+C7H14-1

Declared duplicate reaction...

ISO13=C3H6+C9H18-1
C12H25-2+02=C12H2502-2
C12H25-3+02=1504
IS08+02=I504
IS08+02=I503

Declared duplicate reaction...

IS08+02=I503

Declared duplicate reaction...

C8H17-1+02=C8H1702-1
C12H2502-2=C1200H2-4
IS04=IsS05

Declared duplicate reaction...

IS04=I505

Declared duplicate reaction...

IS04=Is05

Declared duplicate reaction...

IS03=I506

Declared duplicate reaction...

IS03=I506

Declared duplicate reaction...

IS03=IS07

Declared duplicate reaction...

IS03=I506

Declared duplicate reaction...

o

o

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
3.34E+10

.0000e+000 0.00

irreversible
3.34E+10

.0000e+000 0.00

irreversible

3.34E+10

.0000e+000 0.00

irreversible
5.08E+10

.0000e+000 0.00

irreversible

1.58E+10

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
1.00E+11

.0000e+000 0.00

irreversible
2.50E+13
1.00E+11
2.50E+13
1.00E+11
2.50E+13
1.00E+11
2.50E+13
1.00E+11
2.50E+13
1.00E+11
2.50E+16
1.00E+13
2.50E+16
1.00E+13
2.50E+16
1.00E+13
3.98E+12
3.98E+12
3.98E+12
1.33E+12

N}

.02E+12
.02E+12
L27E+11

o N

L27E+11
.54E+12
.97E+12
.57E+12
L44E+12

B0 e o

w

.10E+12

S

.52E+12
.50E+10
.52E+09

o N

-

.85E+10

—

.85E+10

-

L47E+10

-

L47E+10

-

.84E+09

-

.03E+10

0.000E+00

0.0 -4000.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -1050.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -1050.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -1050.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -4000.0
0.000E+00

0.0 -1050.0
0.000E+00

0.0 35000.0
0.0 9600.0

0.0 25000.0
0.0 9600.0

0.0 30000.0
0.0 9600.0

0.0 35000.0
0.0 9600.0

0.0 25000.0
0.0 9600.0

0.0 71000.0
0.0 0.0

0.0 71000.0
0.0 0.0

0.0 71000.0
0.0 0.0

0.0 57629.0
0.0 57629.0
0.0 57629.0
0.0 57629.0
0.0 57629.0
0.0 57629.0
0.0 57629.0
0.0 57629.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 20450.0
0.0 20450.0
0.0 20450.0
0.0 20450.0
0.0 20450.0
0.0 20450.0
0.0 18650.0
0.0 20450.0
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690.
691.
692.
693.
694.
695.
696.
697.
698.
699.
700.
701.

702.

703.

704.

705.

706.

707.

708.

709.

710.

711.

712.

713.

714.

715.

716.

717.

718.

719.

720.

721.

722.

723.

724.

725.

726.
727.

729.

730.

IS03=1S06

Declared duplicate reaction...

IS03=IS07

Declared duplicate reaction...

C8H1702-1=C800H1-3
C12H2502-2<=>C12H24-1+H02
C12H2502-2<=>C12H24-2+H02
1S04<=>C12H24-2+H02
IS04<=>IS013+H02
Declared duplicate
IS04<=>IS013+H02
Declared duplicate
IS04<=>IS013+H02
Declared duplicate
IS03<=>IS013+H02
Declared duplicate
IS03<=>IS013+H02
Declared duplicate
IS03<=>IS013+H02
Declared duplicate
C1200H2-4=C1202-4+0H
Warning...all REV parameters
this reaction will
IS05=C1202-4+0H
Warning...all REV parameters
this reaction will
IS05=IS011+0H
Warning...all REV parameters
this reaction will

reaction..

reaction...

reaction...

reaction...

reaction...

reaction...

are zero...
be treated

are zero...
be treated

are zero...
be treated

Declared duplicate reaction...

IS06=IS011+0H
Warning...all REV parameters
this reaction will

are zero...
be treated

Declared duplicate reaction...

IS05=IS011+0H
Warning...all REV parameters
this reaction will

are zero...
be treated

Declared duplicate reaction...

IS06=IS011+0H
Warning...all REV parameters
this reaction will

are zero...
be treated

Declared duplicate reaction...

IS06=IS011+0H
Warning...all REV parameters
this reaction will

are zero...
be treated

Declared duplicate reaction...

IS06=IS011+0H
Warning...all REV parameters
this reaction will

are zero...
be treated

Declared duplicate reaction...

ISO7=IS012+0H
Warning...all REV parameters
this reaction will
C1200H2-4=0H+CH3CHO+C10H20-1
Warning...all REV parameters
this reaction will
ISO5=0H+C2H5CHO+C9H18-1
Warning...all REV parameters
this reaction will
ISO5=0OH+C3H6+NC8H17CHO
Warning...all REV parameters
this reaction will
ISO6=0H+C5H10-1+NC6H13CHO
Warning...all REV parameters
this reaction will
ISO6=0OH+NC5H11CHO+C6H12-1
Warning...all REV parameters
this reaction will
C800H1-3=0H+CH20+C7H14-1
Warning...all REV parameters
this reaction will
C1200H2-4+02=C1200H2-402
IS05+02=IS01
Declared duplicate
IS05+02=I501
Declared duplicate
IS05+02=I501
Declared duplicate
IS06+02=I502
Declared duplicate
IS06+02=1502
Declared duplicate
IS06+02=1502
Declared duplicate
IS06+02=IS02

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

are zero...
be treated

reaction...

reaction...

reaction...

reaction...

reaction...

reaction...

Declared duplicate reaction...

C800H1-3+02=C800H1-302
C1200H2-402=C12KET2-4+0H
ISO1=IS09+CH

Declared duplicate reaction...

ISO1=IS09+CH

Declared duplicate reaction...

ISO1=IS09+0CH

Declared duplicate reaction...

IS02=IS010+0H

-

.03E+10

-

.28E+09

.50E+10
.92E+42
.31E+36
.12E+36
.12E+36

RGN

3.18E+36

w

.18E+36

IN]

.54E+36

[N}

.54E+36

1.77E+36

7.50E-40

.0000e+000 0.00

irreversible
3.05E-40

.0000e+000 0.00

irreversible
1.40E+10

.0000e+000 0.00

irreversible

2.17E+10

.0000e+000 0.00

irreversible

3.05E+10

.0000e+000 0.00

irreversible

1.58E+10

.0000e+000 0.00

irreversible

2.17E+10

.0000e+000 0.00

irreversible

1.58E+10

.0000e+000 0.00

irreversible

3.83E+09

.0000e+000 0.00

irreversible
1.00E+13

.0000e+000 0.00

irreversible
1.86E+12

.0000e+000 0.00

irreversible
4.07E+12

.0000e+000 0.00

irreversible
2.10E+12

.0000e+000 0.00

irreversible
2.10E+12

.0000e+000 0.00

irreversible
1.00E+13

.0000e+000 0.00

irreversible
7.54E+12
1.40E+12

w

.07E+12

w

.07E+12

N}

L22E+12

N}

L22E+12

-

.54E+12

—

.55E+12

-

.54E+12
.25E+10
.32E+09

N

s

.09E+09

o

.09E+09

w

.69E+09

0.0 20450.
0.0 18650.
0.0 20450.
-9.4 41530.
-7.5 39510.
-7.5 39510.
-7.5 39510.
-7.5 39510.
-7.5 39510.
-7.5 39510.
-7.5 39510.
-7.5 39510.
0.0 15250.
0.000E+00

0.0 15250.
0.000E+00

0.0 15250.
0.000E+00

0.0 15250.
0.000E+00

0.0 15250.
0.000E+00

0.0 15250.
0.000E+00

0.0 15250.
0.000E+00

0.0 15250.
0.000E+00

0.0 7000.
0.000E+00

0.0 30000.
0.000E+00

0.0 30000.
0.000E+00

0.0 30000.
0.000E+00

0.0 30000.
0.000E+00

0.0 30000.
0.000E+00

0.0 30000.
0.000E+00

0.0 0.
0.0 0.
0.0 0
0.0 0
0.0 0
0.0 0
0.0 0
0.0 0
0.0 0
0.0 17450.
0.0 17450.
0.0 17450.
0.0 17450.
0.0 17450.



731.

732.

733.

734.

735.

736.

737.

738.

739.

740.

741.

742.

743.

744,

745.

746.

747.

748.

749.

750.

751.

752.

753.

754.

755.

756.

757.

758.

760.

761.

762.

763.

764.

765.

766.

767.

769.

770.

Declared duplicate reaction...
IS02=IS010+0OH
Declared duplicate
IS02=IS010+0H
Declared duplicate
IS02=IS010+0OH
Declared duplicate reaction...
C800OH1-302=C8KET1-3+0OH
C12KET2-4=0H+CH3COCH2+NC8H17CHO

reaction...

reaction...

Warning...all REV parameters are zero...
this reaction will be treated
IS09=0OH+CH3CHO+C8H17COCH2
Warning...all REV parameters are zero...
this reaction will be treated
ISO9=0OH+NC3H7COCH2+NC6H13CHO
Warning...all REV parameters are zero...
this reaction will be treated
IS010=0OH+C2H5CHO+C7H15COCH2
Warning...all REV parameters are zero...
this reaction will be treated

IS010=OH+NC4H9COCH2+NC5H11CHO
Warning...all REV parameters are zero...
this reaction will be treated
C8KET1-3=0OH+CH2CHO+NC5H11CHO
Warning...all REV parameters are zero...
this reaction will be treated
C1202-4+0H=CH3CO+C10H20-1+H20

Warning...all REV parameters are zero...
this reaction will be treated

C1202-4+0H=C3H6+NC8H17CO+H20

Warning...all REV parameters are zero...
this reaction will be treated

ISO11+OH=C5H10-1+NC6H13CO+H20

Warning...all REV parameters are zero...
this reaction will be treated

ISO12+0OH=NC3H7COCH2+C7H14-1+H20

Warning...all REV parameters are zero...
this reaction will be treated

ISO11+0OH=C6H12-1+NC5H11CO+H20

Warning...all REV parameters are zero...
this reaction will be treated

C1202-4+H02=CH3CO+C10H20-1+H202

Warning...all REV parameters are zero...
this reaction will be treated

C1202-4+HO2=C3H6+NC8H17CO+H202

Warning...all REV parameters are zero...
this reaction will be treated

ISO11+HO2=C5H10-1+NC6H13CO+H202

Warning...all REV parameters are zero...
this reaction will be treated

IS012+HO2=NC3H7COCH2+C7H14-1+H202

Warning...all REV parameters are zero...
this reaction will be treated

ISO11+HO2=C6H12-1+NC5H11CO+H202

Warning...all REV parameters are zero...
this reaction will be treated

C8H17COCH2=C8H17-1+CH2CO

Reverse Arrhenius coefficients:

C7H15COCH2=C7H15-1+CH2CO

Reverse Arrhenius coefficients:

NC8H17CHO+02=NC8H17CO+HO2

Reverse Arrhenius coefficients:

NC8H17CHO+OH=NC8H17CO+H20

Reverse Arrhenius coefficients:

NC8H17CHO+H=NC8H17CO+H2

Reverse Arrhenius coefficients:

NC8H17CHO+0=NC8H17CO+OH

Reverse Arrhenius coefficients:

NC8H17CHO+HO2=NC8H17CO+H202

Reverse Arrhenius coefficients:

NC8H17CHO+CH3=NC8H17CO+CH4

Reverse Arrhenius coefficients:

NC8H17CHO+CH30=NC8H17CO+CH30H

Reverse Arrhenius coefficients:

NC8H17CHO+CH302=NC8H17CO+CH302H

Reverse Arrhenius coefficients:

NC8H17CO=C8H17-1+CO

Reverse Arrhenius coefficients:

NC6H13CHO+02=NC6H13CO+HO2

Reverse Arrhenius coefficients:

NC6H13CHO+OH=NC6H13CO+H20

Reverse Arrhenius coefficients:

NC6H13CHO+H=NC6H13CO+H2

Reverse Arrhenius coefficients:

NC6H13CHO+0=NC6H13CO+0OH

Reverse Arrhenius coefficients:

NC6H13CHO+HO2=NC6H13CO+H202

Reverse Arrhenius coefficients:

NC6H13CHO+CH3=NC6H13CO+CH4

Reverse Arrhenius coefficients:

NC6H13CHO+CH30=NC6H13CO+CH30H

Reverse Arrhenius coefficients:

NC6H13CHO+CH302=NC6H13CO+CH302H

Reverse Arrhenius coefficients:

NC6H13CO=C6H13-1+CO

w

.69E+09

[N}

.56E+09

]

.57E+09

2.50E+10
.00E+16

-

.0000e+000 0.00

irreversible
4.07E+15

.0000e+000 0.00

irreversible
4.07E+15

.0000e+000 0.00

irreversible
2.95E+15

.0000e+000 0.00

irreversible
2.96E+15

.0000e+000 0.00

irreversible
1.00E+16

.0000e+000 0.00

irreversible
2.50E-38

.0000e+000 0.00

irreversible
2.50E-38

.0000e+000 0.00

irreversible
7.81E+11

.0000e+000 0.00

irreversible
1.09E+12

.0000e+000 0.00

irreversible
7.99E+11

.0000e+000 0.00

irreversible
5.00E-38

.0000e+000 0.00

irreversible
5.00E-38

.0000e+000 0.00

irreversible
1.56E+12

.0000e+000 0.00

irreversible
2.17E+12

.0000e+000 0.00

irreversible
1.60E+12

.0000e+000 0.00

irreversible
2.00E+13
2.00E+11
2.00E+13
2.00E+11
2.00E+13
1.00E+07
2.69E+10
1.74E+10
4.00E+13
1.80E+13
5.00E+12
1.00E+12
2.80E+12
1.00E+12
1.70E+12
1.50E+13
1.15E+11
3.00E+11
1.00E+12
2.50E+10
1.00E+11
1.00E+11
2.00E+13
1.00E+07
2.69E+10
1.74E+10
4.00E+13
1.80E+13
5.00E+12
1.00E+12
2.80E+12
1.00E+12
1.70E+12
1.50E+13
1.15E+11
3.00E+11
1.00E+12
2.50E+10
1.00E+11

0.0 17450.0
0.0 17450.0
0.0 17450.0
0.0 21000.0
0.0 39000.0
0.000E+00

0.0 39000.0
0.000E+00

0.0 39000.0
0.000E+00

0.0 39000.0
0.000E+00

0.0 39000.0
0.000E+00

0.0 39000.0
0.000E+00

0.0 0.0
0.00

0.0 0.0
0.00

0.0 0.0
0.00

0.0 0.0
0.00

0.0 0.0
0.00

0.0 17700.0
0.00

0.0 17700.0
0.00

0.0 17700.0
0.00

0.0 17700.0
0.00

0.0 17700.0
0.00

0.0 31000.0
0.0 7350.0

0.0 31000.0
0.0 7350.0

0.5 42200.0
0.0 40000.0

0.8 -340.0
0.8 31200.0

0.0 4200.0
0.0 24000.0

0.0 1790.0
0.0 19000.0

0.0 13600.0
0.0 10000.0

0.0 8440.0
0.0 28000.0

0.0 1280.0
0.0 18000.0

0.0 9500.0
0.0 10000.0

0.0 9600.0
0.0 0.0

0.5 42200.0
0.0 40000.0

0.8 -340.0
0.8 31200.0

0.0 4200.0
0.0 24000.0

0.0 1790.0
0.0 19000.0

0.0 13600.0
0.0 10000.0

0.0 8440.0
0.0 28000.0

0.0 1280.0
0.0 18000.0

0.0 9500.0
0.0 10000.0

0.0 9600.0



771.
772.
773.
774.
775.
776.
777.
778.
779.
780.
781.
782.
783.
784.
785.
786.
787.
788.
789.
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791.
792.
793.
794.
795.
796.
797.
798.
799.
800.
801.
802.
803.
804.
805.
806.
807.
808.
809.
810.
811.
812.
813.
814.
815.
816.
817.
818.
819.
820.
821.
822.
823.
824.
825.
826.
827.
828.
829.
830.
831.
832.
833.
834.
835.
836.
837.
838.
839.
840.
841.
842.
843.
844.
845.
846.
847.
848.
849.
850.
851.
852.
853.
854.
855.
856.
857.
858.
859.
860.
861.
862.
863.
864.

Reverse Arrhenius coefficients:
CY13PD=CY13PD5J+H
CY13PD+02=CY13PD5J+H02
CY13PD+0=C4H6+CO
CY13PD+H=H2+CY13PD5J
CY13PD+0=CY13PD5J+OH
CY13PD+OH=CY13PD5J+H20
CY13PD+HO2=CY13PD5J+H202
CY13PD+HCO=CY13PD5J+CH20
CY13PD+CH3=CH4+CY13PD5J
CY13PD+C2H3=CY13PD5J+C2H4
CY13PD+C3H5-A=C3H6+CY13PD5J
CY13PD+C3H3=CY13PD5J+C3H4-A
CY13PD+C3H3=CY13PD5J+C3H4-P
CY13PD+C2H3=C6H6+CH3
C3H3+CH3=C4H6
CY13PD5J+C2H3CHO=C2H3CO+CY13PD
C3H5-A+0OH=C3H4-A+H20
C3H3+C3H3=C6H6
C6H5CH2J+C3H4-A=C6H5CH3+C3H3
C6H5CH2J+CY13PD=CY13PD5J+C6H5CH3
C6H5CH3=C6H5CH2J+H
C6H4CH3+H=C6H5CH3
C6H5CH3+H=C6H6+CH3
C6H5CH3+02=C6H5CH2J+H02
C6H5CH3+H=C6H5CH2J+H2
C6H5CH3+0=C6H5CH2J+0H
C6H5CH3+0OH=C6H5CH2J+H20
C6H5CH3+HO02=C6H5CH2J+H202
C6H5CH3+CH302=C6H5CH2J+CH302H
C6H5CH3+CH3=C6H5CH2J+CH4
C6H5CH3+CH30=C6H5CH2J+CH30H
C6H5CH3+C2H3=C6H5CH2J+C2H4
C6H5CH3+HCO=C6H5CH2J+CH20
C6H5CH3+C6H4CH3=C6H5CH2J+C6H5CH3
C6H5CH2J=CY13PD5J+C2H2
C6H5CH3+H=C6H4CH3+H2
C6H5CH3+0=C6H4CH3+0H
C6H5CH3+0OH=C6H4CH3+H20
C6H5CH3+CH3=C6H4CH3+CH4
C6H5CH3+HO2=C6H4CH3+H202
C6H4CH3+02=>02C6H4CH3
02C6HA4CH3=>C6H4CH3+02
C6H4CH3+02=RODC6J (C) DO
02C6H4CH3=RODC6J (C) DO
C6H4CH3+H=C6H5CH2J+H
C6H4CH3+CH3=P-XYL
OCCXCCXCJC+CO=RODC6J (C) DO
OCCXCCXCJC=>C2H2+HCO+C3H4-P
OCCXCCXCJIC+02=0XCCXCCXO+CH3CO
PXYLCH2J+H=P-XYL
MEC6H3CH3+H=P-XYL
P-XYL+H=C6H5CH3+CH3
P-XYL+02=PXYLCH2J+HO2
P-XYL+H=PXYLCH2J+H2
P-XYL+0=PXYLCH2J+0OH
P-XYL+OH=PXYLCH2J+H20
P-XYL+HO2=PXYLCH2J+H202
P-XYL+CH302=PXYLCH2J+CH302H
P-XYL+CH3=PXYLCH2J+CH4
P-XYL+CH30=PXYLCH2J+CH30H
P-XYL+C2H3=PXYLCH2J+C2H4
P-XYL+HCO=PXYLCH2J+CH20
P-XYL+C6H4CH3=PXYLCH2J+C6H5CH3
PXYLCH2J=C6H6+C2H2+H
PXYLCH2J+02=PXYLCH200J
PXYLCH200J=MEC6H4CHO+O0H
PXYLCH200J+HO2=>MEC6H4CH20J+0H+02
PXYLCH200J+CH302=>MEC6H4CH20J+CH30+02
2PXYLCH200J=>2MEC6H4CH20J+02
PXYLCH2J+0=MEC6H4CH20J
PXYLCH2J+0=MEC6H4CHO+H
PXYLCH2J+0=C6H4CH3+CH20
PXYLCH2J+HO2=MEC6H4CH20J+0H
PXYLCH2J+CH302=MEC6H4CH20J+CH30
MEC6H4CH20J+02=HO2+MEC6H4CHO
MEC6H4CH20J=MEC6H4CHO+H
MEC6H4CH20J=C6H4CH3+CH20
MEC6H4CH20J+H=MEC6H4CHO+H2
MEC6H4CH20J+0OH=MEC6H4CHO+H20
MEC6H4CH20J+HO2=MEC6H4CHO+H202
MEC6H4CH20J+CH3=MEC6H4CHO+CH4
MEC6H4CH20J+PXYLCH2J=MEC6H4CHO+P-XYL
C6H4CH3+HCO=MEC6H4CHO
MEC6H4CHO+OH=H20+MEC6H4CJO
MEC6H4CHO+H=H2+MEC6H4CJO
MEC6H4CHO=MEC6H4CJO+H
MEC6H4CHO+0=MEC6H4CJO+0OH
MEC6H4CHO+02=MEC6H4CJO+HO2
MEC6H4CHO+HO2=MEC6H4CJO+H202
MEC6H4CHO+CH3=MEC6H4CJO+CH4
MEC6H4CHO+PXYLCH2J=MEC6H4CJO+P-XYL
MEC6H4CJO=C6H4CH3+CO
MEC6H4CJO+HO2=C6H4CH3+CO2+0H
P-XYL+H=MEC6H3CH3+H2
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.00E+12
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.09E+15
.00E+14
.00E+05
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.47E+00
.00E+10
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.00E+02
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.30E+10
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.00E+14
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.00E+13
.00E+12
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865.
866.
867.
868.
869.
870.
871.
872.
873.
874.
875.
876.
877.
878.
879.
880.
881.
882.
883.
884.
885.
886.
887.
888.
889.
890.

891.

893.

894.

895.

896.

897.

898.

899.

900.

901.

902.

903.

904.

905.

906.

907.

908.

909.

910.

911.

912.

913.

914.

915.

916.

917.

918.

P-XYL+O=MEC6H3CH3+O0OH
P-XYL+OH=MEC6H3CH3+H20
P-XYL+CH3=MEC6H3CH3+CH4
P-XYL+HO2=MEC6H3CH3+H202
MEC6H3CH3+02=>02MEC6H3CH3
0O2MEC6H3CH3=>MEC6H3CH3+02
MEC6H3CH3+02=0MEC6H3CH3+0
02MEC6H3CH3=>0OMEC6H3CH3+0
OMEC6H3CH3+0=>02MEC6H3CH3
OMEC6H3CH3=H+C6H5CH3+CO
MEC6H3CH3+H=PXYLCH2J+H
MEC6H3CH3+0=0OMEC6H3CH3
MEC6H3CH3+0OH=HOMEC6H3CH3
MEC6H3CH3+HO2=0OMEC6H3CH3+0H
OMEC6H3CH3+H=HOMEC6H3CH3
HOMEC6H3CH3+02=0MEC6H3CH3+HO02
HOMEC6H3CH3+H=OMEC6H3CH3+H2
HOMEC6H3CH3+0=0OMEC6H3CH3+0H
HOMEC6H3CH3+0H=OMEC6H3CH3+H20
HOMEC6H3CH3+HO2=OMEC6H3CH3+H202
HOMEC6H3CH3+CH3=OMEC6H3CH3+CH4
HOMEC6H3CH3+CY13PD5J=0MEC6H3CH3+CY13PD
P-XYL+0O=OMEC6H3CH3+H
CH3CHO+CH3CO3=CH3CO+CH3CO3H
Reverse Arrhenius coefficients:
CH3CO3=CH3CO0+02
Reverse Arrhenius coefficients:
CH3CO3+HO2=CH3CO3H+02
Reverse Arrhenius coefficients:
H202+CH3C0O3=HO2+CH3CO3H
Reverse Arrhenius coefficients:
CH4+CH3CO3=CH3+CH3CO3H
Reverse Arrhenius coefficients:
CH20+CH3CO3=HCO+CH3CO3H
Reverse Arrhenius coefficients:
C2H6+CH3CO3=C2H5+CH3CO3H
Reverse Arrhenius coefficients:
C3KET21=CH20+CH3CO+OH
Warning...all REV parameters are zero...
this reaction will be treated
CH2CH2COCH3=C2H4+CH3CO
Reverse Arrhenius coefficients:
C2H3COCH3+0H=CH3CHO+CH3CO
Warning...all REV parameters are zero...
this reaction will be treated
C2H3COCH3+H02=CH2CHO+CH3CO+0H
Warning...all REV parameters are zero...
this reaction will be treated
C2H3COCH3+CH302=CH2CHO+CH3CO+CH30
Warning...all REV parameters are zero...
this reaction will be treated
C2H4+CH3CO3=C2H3+CH3CO3H
Reverse Arrhenius coefficients:
C2H5CHO+CH3C03=C2H5CO+CH3CO3H
Reverse Arrhenius coefficients:
C3H8+CH3CO3=IC3H7+CH3CO3H
Reverse Arrhenius coefficients:
C3H8+CH3CO3=NC3H7+CH3CO3H
Reverse Arrhenius coefficients:
NC3H702+CH3CHO<=>NC3H702H+CH3CO
Reverse Arrhenius coefficients:
CH3CO3H=CH3CO2+0H
Reverse Arrhenius coefficients:
CH3CO2+M=CH3+CO2+M
Reverse Arrhenius coefficients:
IC3H702+CH3CO3=IC3H70+CH3C02+02
Warning...all REV parameters are zero...
this reaction will be treated
PC4H902+CH3C0O3=PC4H90+CH3C02+02
Warning...all REV parameters are zero...
this reaction will be treated
NC3H702+CH3C0O3=NC3H70+CH3C02+02
Warning...all REV parameters are zero...
this reaction will be treated
IC3H702<=>C3H600H2-1
Reverse Arrhenius coefficients:
C3H600H2-1<=>C3H6+HO2
Reverse Arrhenius coefficients:
C3H600H2-102<=>C3H600H2-1+02
Reverse Arrhenius coefficients:
C3H600H1-202=C3H600H1-2+02
Reverse Arrhenius coefficients:
C3H600H1-202=C3KET12+0H
Reverse Arrhenius coefficients:
C3H600H2-102=C3KET21+0H
Reverse Arrhenius coefficients:
NC3H702+CH302=NC3H70+CH30+02
Warning...all REV parameters are zero...
this reaction will be treated
NC3H702+C2H502=NC3H70+C2H50+02
Warning...all REV parameters are zero...
this reaction will be treated
NC3H702+NC3H702=02+NC3H70+NC3H70
Warning...all REV parameters are zero...
this reaction will be treated

2.00E+13 0.0 14700.0
2.34E+04 2.7 730.0
1.70E+00 3.7 9500.0
9.20E+12 0.0 28810.0
1.00E+13 0.0 0.0
6.36E+19 -1.4 48700.0
7.27E+29 -4.7 15600.0
1.64E+43 -8.8 50880.0
2.00E+14 0.0 0.0
7.60E+11 0.0 43800.0
1.00E+13 0.0 0.0
1.00E+14 0.0 0.0
3.00E+13 0.0 0.0
5.00E+12 0.0 0.0
2.50E+14 0.0 0.0
1.00E+13 0.0 38900.0
1.20E+14 0.0 12400.0
1.30E+13 0.0 2900.0
1.40E+08 1.4 -960.0
1.00E+12 0.0 10000.0
1.80E+11 0.0 7700.0
4.90E+11 0.0 9400.0
2.48E+14 -0.3 4674.0
3.01E+12 0.0 11920.0
1.92E+12 0.0 12650.0
6.86E+19 -1.9 38530.0
1.20E+11 0.0 -1100.0
1.75E+10 0.0 -3275.0
3.08E+12 -0.3 38180.0
2.41E+12 0.0 9936.0
3.84E+12 0.1 12710.0
1.81E+11 0.0 18480.0
1.83E+11 -0.2 3711.0
1.99E+12 0.0 11660.0
1.08E+13 -0.4 13620.0
1.70E+13 0.0 20460.0
1.45E+12 0.0 9460.0
1.00E+16 0.0 43000.0

0.00000E+00 0.00000E+00
as 1rreversible

1.00E+14 0.0 18000.0
1.00E+11 0.0 0.0
1.00E+11 0.0 0.0

0.00000E+00 0.00000E+00

as lirreversible
6.03E+09 0.0 7949.0
0.00000E+00 0.00000E+00

as lirreversible
3.97E+11 0.0 17050.0
0.00000E+00 0.00000E+00

as irreversible

1.13E+13 0.0 30430.0
3.30E+12 -0.1 9440.0
3.01E+12 0.0 11920.0
1.65E+12 0.0 12630.0
2.00E+12 0.0 17000.0
3.10E+10 0.3 8650.0
1.70E+13 0.0 20460.0
1.67E+12 0.0 9570.0
2.80E+12 0.0 13600.0
1.00E+12 0.0 10000.0
5.01E+14 0.0 40150.0
3.62E+07 1.8 1338.0
4.40E+15 0.0 10500.0
4.55E+08 1.4 17520.0
1.40E+16 -1.6 1860.0

.00000E+00

.00000E+00

.00000E+00

.00000E+00

0.00000E+00 0.00000E+00 0.00000E+00

as lirreversible

1.40E+16 -1.6 1860.0

0.00000E+00 0.00000E+00 0.00000E+00

as lirreversible

1.40E+16 -1.6 1860.0

0.00000E+00 0.00000E+00 0.00000E+00

as lirreversible

1.80E+12 0.0 29400.0
1.12E+10 0.1 11810.0
3.24E+18 -2.0 18970.0
1.00E+11 0.0 11750.0
5.23E+22 -2.2 37820.0
4.52E+12 0.0 0.0
2.39E+25 -2.9 40100.0
5.00E+12 0.0 0.0
6.00E+11 0.0 26400.0
9.25E+04 1.3 48920.0
3.00E+11 0.0 23850.0
1.40E+03 1.8 49750.0
1.40E+16 -1.6 1860.0

0.00000E+00 0.00000E+00 0.00000E+00

as irreversible

1.40E+16 -1.6 1860.0

0.00000E+00 0.00000E+00 0.00000E+00

as irreversible

1.40E+16 -1.6 1860.0

0.00000E+00 0.00000E+00 0.00000E+00

as irreversible
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919.

920.

921.

922.

923.

924.

925.

926.

927.

928.

929.

930.

931.

932.

933.

934.

935.

936.

937.

938.

939.

940.

941.

942.

943.

944.

945.

946.

947.

948.

949.

950.

951.

952.

953.

954.

955.

956.

957.

958.

959.

960.

961.

IC3H702+NC3H702=IC3H70+NC3H70+02
Warning...all REV parameters are zero...

1.40E+16

0.00000E+00 0.

this reaction will be treated as irreversible

NC3H702+CH3=NC3H70+CH30

Reverse Arrhenius coefficients:
NC3H702+C2H5=NC3H70+C2H50
Reverse Arrhenius coefficients:
NC3H702+IC3H7=NC3H70+IC3H70
Reverse Arrhenius coefficients:
NC3H702+NC3H7=NC3H70+NC3H70
Reverse Arrhenius coefficients:
NC3H702+C3H5-A=NC3H70+C3H50
Reverse Arrhenius coefficients:
NC3H702=C3H600H1-3

Reverse Arrhenius coefficients:
NC3H702+C4H71-3=NC3H70+C4H70
Reverse Arrhenius coefficients:
NC3H702+PC4H9=NC3H70+PC4H90
Reverse Arrhenius coefficients:
PC4H902+NC3H702=PC4H90+NC3H70+02
Warning...all REV parameters are zero...

7.00E+12
5.30E+12
7.00E+12
7.54E+14
7.00E+12
1.29E+15
7.00E+12
7.61E+14
7.00E+12
1.96E+11
1.12E+11
2.72E+11
3.80E+12
2.00E+10
7.00E+12
1.06E+15
1.40E+16

0.00000E+00 0.

this reaction will be treated as irreversible

NC3H702+C3H8<=>NC3H702H+NC3H7
Reverse Arrhenius coefficients:
C3H6+NC3H702<=>C3H5-A+NC3H702H
Reverse Arrhenius coefficients:
NC3H702+CH20<=>NC3H702H+HCO
Reverse Arrhenius coefficients:
NC3H702+H02<=>NC3H702H+02

Reverse Arrhenius coefficients:
C2H4+NC3H702<=>C2H3+NC3H702H
Reverse Arrhenius coefficients:
CH30OH+NC3H702<=>CH20H+NC3H702H
Reverse Arrhenius coefficients:
C2H3CHO+NC3H702<=>C2H3CO+NC3H702H
Reverse Arrhenius coefficients:
CH4+NC3H702<=>CH3+NC3H702H
Reverse Arrhenius coefficients:
H2+NC3H702<=>H+NC3H702H

Reverse Arrhenius coefficients:
NC3H702+C2H6<=>NC3H702H+C2H5
Reverse Arrhenius coefficients:
NC3H702+C2H5CHO<=>NC3H702H+C2H5CO
Reverse Arrhenius coefficients:
C4H8-1+NC3H702<=>C4H71-3+NC3H702H
Reverse Arrhenius coefficients:
IC3H7+HO2=IC3H70+0H

Reverse Arrhenius coefficients:
CH302+IC3H7=CH30+IC3H70

Reverse Arrhenius coefficients:
IC3H702+CH302=IC3H70+CH30+02
Warning...all REV parameters are zero...

1.70E+13
2.09E+13
3.24E+11
2.00E+10
5.60E+12
8.00E+11
1.75E+10
3.84E+13
1.13E+13
3.00E+12
6.30E+12
1.00E+09
2.80E+12
1.00E+12
1.12E+13
7.43E+11
3.01E+13
4.80E+13
1.70E+13
5.00E+11
2.00E+11
5.00E+09
1.40E+12
3.16E+11
7.00E+12
1.05E+16
7.00E+12
6.57E+14
1.40E+16

0.00000E+00 0.

this reaction will be treated as irreversible

IC3H702+C2H502=IC3H70+C2H50+02
Warning...all REV parameters are zero...

1.40E+16

0.00000E+00 0.

this reaction will be treated as irreversible

IC3H702+IC3H702=02+IC3H70+IC3H70
Warning...all REV parameters are zero...

1.40E+16

0.00000E+00 0.

this reaction will be treated as irreversible

IC3H702+CH3=IC3H70+CH30

Reverse Arrhenius coefficients:

IC3H702+C2H5=IC3H70+C2H50

Reverse Arrhenius coefficients:

IC3H702+IC3H7=IC3H70+IC3H70

Reverse Arrhenius coefficients:

IC3H702+NC3H7=IC3H70+NC3H70

Reverse Arrhenius coefficients:

IC3H702+C3H5-A=IC3H70+C3H50

Reverse Arrhenius coefficients:

IC3H70=CH3+CH3CHO

Reverse Arrhenius coefficients:

IC3H702+C4H71-3=IC3H70+C4H70

Reverse Arrhenius coefficients:

IC3H702+PC4H9=IC3H70+PC4H90

Reverse Arrhenius coefficients:

PC4H902+H02=PC4H90+0H+02

Warning...all REV parameters are zero...
this reaction will be treated

C4H71-3+PC4H902=C4H70+PC4H90

Reverse Arrhenius coefficients:

PC4H902+PC4H902=02+PC4H90+PC4H90

Warning...all REV parameters are zero...
this reaction will be treated

PC4H902+IC3H702=PC4H90+IC3H70+02

Warning...all REV parameters are zero...
this reaction will be treated

PC4H902+C2H502=PC4H90+C2H50+02

Warning...all REV parameters are zero...
this reaction will be treated

PC4H902+CH302=PC4H90+CH30+02

Warning...all REV parameters are zero...
this reaction will be treated

PC4H902+CH3=PC4H90+CH30

Reverse Arrhenius coefficients:

PC4H902+C2H5=PC4H90+C2H50

as

as

as

as

as

7.00E+12
1.14E+11
7.00E+12
1.63E+13
7.00E+12
2.78E+13
7.00E+12
1.64E+13
7.00E+12
4.24E+09
5.33E+19
1.00E+11
3.80E+12
2.00E+10
7.00E+12
2.28E+13
1.40E-14

0.00000E+00 0.

irreversible

7.00E+12
1.19E+14

1.40E+16

0.00000E+00 0.

irreversible
1.40E+16

0.00000E+00 0.

irreversible
1.40E+16

0.00000E+00 0.

irreversible
1.40E+16

0.00000E+00 0.

irreversible

7.00E+12
6.20E+12

7.00E+12

-1.6

0.0

0.0
-0.6
-1.6

0.0
-0.5

-0.3
-1.6

-1.6
-1.6

0.0

0.0
0.1
-1.6

0.0
-0.8
-1.6

-1.6
-1.6
-1.6

0.0
0.0
0.0
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1860.0
00000E+00

-1000.0
26920.0
-1000.0
29330.0
-1000.0
30000.0
-1000.0
28000.0
-1000.0
14340.0
24400.0
8936.0
-1200.0
0.0
-1000.0
27680.0
1860.0
00000E+00

20460.0
5000.0
14900.0
15000.0
13600.0
10000.0
-3275.0
33610.0
30430.0
11500.0
19360.0
10000.0
13600.0
10000.0
24640.0
5500.0
26030.0
7950.0
20460.0
6500.0
9500.0
10000.0
14900.0
13000.0
-1000.0
27320.0
-1000.0
31560.0
1860.0
00000E+00

1860.0
00000E+00

1860.0
00000E+00

-1000.0
26720.0
-1000.0
29130.0
-1000.0
29800.0
-1000.0
27800.0
-1000.0
14140.0
17140.0
9256.0
-1200.0
0.0
-1000.0
27480.0
1860.0
00000E+00

-1000.0
16100.0

1860.0

00000E+00

1860.0
00000E+00

1860.0
00000E+00

1860.0
00000E+00

-1000.0
26630.0
-1000.0

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00



962.

963.

964.

965.

966.

967.

968.

969.

970.

971.

972.

973.

974.

975.

976.

977.

978.

979.

980.

981.

982.

983.

984.

985.

986.

987.

988.

989.

990.

991.

992.

993.

994.

995.

996.

997.

998.

999.

1000.

1001.

1002.

1003.

1004.

Reverse Arrhenius coefficients: 8.81E+14 -0.6 29040.0

PC4H902+IC3H7=PC4H90+IC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.50E+15 -0.5 29710.0
PC4H902+NC3H7=PC4H90+NC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 8.90E+14 -0.6 27710.0
PC4H902+PC4H9=PC4H90+PC4H90 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 1.24E+15 -0.6 27390.0
PC4H902+C3H5-A=PC4H90+C3H50 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 2.30E+11 0.2 14050.0
PC4H9+HO2=PC4H90+0H 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 8.63E+15 -0.7 25000.0
CH302+PC4H9=CH30+PC4H90 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 5.40E+14 -0.4 29240.0
PC4H90=NC3H7+CH20 1.56E+21 -2.4 15230.0
Reverse Arrhenius coefficients: 5.00E+10 0.0 3457.0
PC4H902=C4H800H1-3 2.50E+10 0.0 20850.0
Reverse Arrhenius coefficients: 3.23E+09 -0.1 7871.0
C3KET12=CH3CHO+HCO+OH 9.45E+15 0.0 43000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3H600H1-302=C3KET13+0H 7.50E+10 0.0 21400.0
Reverse Arrhenius coefficients: 4.10E+03 1.5 44740.0
C3KET13=CH20+CH2CHO+OH 1.00E+16 0.0 43000.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+0H=CH2CO+C2H3+H20 5.10E+11 0.0 1192.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+HO2=CH2CO+C2H3+H202 8.50E+12 0.0 20460.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H3COCH3+CH302=CH2CO+C2H3+CH302H 3.01E+12 0.0 17580.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3H600H1-3=0H+CH20+C2H4 3.04E+15 -0.8 27400.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C3H600H1-302=C3H600H1-3+02 2.85E+20 -1.6 35690.0
Reverse Arrhenius coefficients: 4.52E+12 0.0 0.0
C4HB0OOH1-3=0H+CH20+C3H6 6.64E+13 -0.2 29900.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C4HB80OH1-302=C4H800H1-3+02 5.60E+22 -2.2 37960.0
Reverse Arrhenius coefficients: 7.54E+12 0.0 0.0
NC3H7+HO2=NC3H70+0H 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 6.22E+15 -0.7 25310.0
CH302+NC3H7=CH30+NC3H70 7.00E+12 0.0 -1000.0
Reverse Arrhenius coefficients: 3.89E+14 -0.4 29550.0
NC3H70=C2H5+CH20 2.72E+21 -2.4 15700.0
Reverse Arrhenius coefficients: 1.00E+11 0.0 3496.0
NC3H70=C2H5CHO+H 8.90E+10 0.7 19800.0
Reverse Arrhenius coefficients: 4.00E+12 0.0 6260.0
C3H6+CH3C0O3=C3H5-A+CH3CO3H 3.24E+11 0.0 14900.0
Reverse Arrhenius coefficients: 2.00E+10 0.0 15000.0
C4H8-1+CH3C03=C4H71-3+CH3CO3H 1.00E+11 0.0 8000.0
Reverse Arrhenius coefficients: 2.00E+10 0.0 10000.0
C4H800H1-302=NC4KET13+0H 2.50E+10 0.0 21400.0
Reverse Arrhenius coefficients: 1.44E+03 1.5 44740.0
NC4KET13=CH3CHO+CH2CHO+0H 1.05E+16 0.0 41600.0
Warning...all REV parameters are zero... 0.00000E+00 0.00000E+00
this reaction will be treated as irreversible
C2H5CHO+H=C2H5CO+H2 4.00E+13 0.0 4200.0
Reverse Arrhenius coefficients: 2.38E+10 0.7 18130.0
C2H5CHO+0=C2H5CO+0H 5.00E+12 0.0 1790.0
Reverse Arrhenius coefficients: 1.54E+09 0.6 14310.0
C2H5CHO+0OH=C2H5CO+H20 2.69E+10 0.8 -340.0
Reverse Arrhenius coefficients: 1.70E+08 1.3 28480.0
C2H5CHO+CH3=C2H5CO+CH4 2.61E+06 1.8 5911.0
Reverse Arrhenius coefficients: 1.41E+06 2.0 21380.0
C2H5CHO+HO2=C2H5CO+H202 2.80E+12 0.0 13600.0
Reverse Arrhenius coefficients: 9.63E+11 0.0 11530.0
C2H5CHO+CH30=C2H5CO+CH30H 1.00E+12 0.0 3300.0
Reverse Arrhenius coefficients: 1.28E+10 0.4 17460.0
C2H5CHO+CH302=C2H5CO+CH302H 3.01E+12 0.0 11920.0
Reverse Arrhenius coefficients: 2.01E+13 -0.5 8260.0
C2H5CHO+C2H5=C2H5CO+C2H6 1.00E+12 0.0 8000.0
Reverse Arrhenius coefficients: 6.43E+12 0.0 19700.0
C2H5CHO+C2H502=C2H5CO+C2H502H 3.01E+12 0.0 11920.0
Reverse Arrhenius coefficients: 2.02E+13 -0.5 8264.0
C2H5CHO+02=C2H5CO+HO2 1.00E+13 0.0 40700.0
Reverse Arrhenius coefficients: 3.13E+10 0.3 -58.0
C2H5CHO+C2H3=C2H5CO+C2H4 1.70E+12 0.0 8440.0
Reverse Arrhenius coefficients: 3.20E+12 0.1 30130.0
C2H5CO=C2H5+CO 2.46E+23 -3.2 17550.0
Reverse Arrhenius coefficients: 1.51E+11 0.0 4810.0
C2H5CHO+NC3H7=C2H5CO+C3H8 1.70E+12 0.0 8440.0
Reverse Arrhenius coefficients: 1.90E+14 0.0 18790.0
C2H5CHO+IC3H7=C2H5CO+C3H8 1.70E+12 0.0 8440.0
Reverse Arrhenius coefficients: 1.90E+14 0.0 18790.0
C2H5CHO+C3H5-A=C2H5CO+C3H6 1.70E+12 0.0 8440.0
Reverse Arrhenius coefficients: 1.00E+13 0.0 28000.0
H2+C2H502=H+C2H502H 1.50E+14 0.0 26030.0
Reverse Arrhenius coefficients: 1.69E+18 -1.1 8438.0
C2H502+CH20=C2H502H+HCO 1.99E+12 0.0 11660.0
Reverse Arrhenius coefficients: 1.32E+14 -0.9 9263.0

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00

0.00000E+00



1005.

1006.

1007.

1008.

1009.

1010.

1011.

1012.

1013.

1014.

CH4+C2H502=CH3+C2H502H

Reverse Arrhenius coefficients:

CH30H+C2H502=CH20H+C2H502H

Reverse Arrhenius coefficients:

C2H502+H02=C2H502H+02

Reverse Arrhenius coefficients:

C2H6+C2H502=C2H5+C2H502H

Reverse Arrhenius coefficients:

C2H502H=C2H50+0H

Reverse Arrhenius coefficients:

C2H4+C2H502=C2H3+C2H502H

Reverse Arrhenius coefficients:

C2H502+C3H8=C2H502H+NC3H7

Reverse Arrhenius coefficients:

C2H502+C3H8=C2H502H+IC3H7

Reverse Arrhenius coefficients:

C3H6+C2H502=C3H5-A+C2H502H

Reverse Arrhenius coefficients:

C4H8-1+C2H502=C4H71-3+C2H502H

Reverse Arrhenius coefficients:

1.81E+11
2.24E+12
1.81E+12
2.35E+14
1.75E+10
3.76E+13
8.60E+00
8.96E+00
6.31E+14
5.66E+08
2.23E+12
7.94E+12
1.39E+00
1.67E+00
1.02E+01
1.93E+00
3.24E+11
2.00E+10
1.40E+12
3.16E+11
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18480.0
-651.0
13710.0
2408.0
-3275.0
33820.0
17200.0
1838.0
42300.0
-1705.0
17190.0
-8163.0
18280.0
3028.0
14810.0
2094.0
14900.0
15000.0
14900.0
13000.0



LIST OF ACRONYMS

AHRR

Apparent heat release rate
AMR

Adaptive mesh refinement
ASOC

After start of combustion
ATDC

After top dead center
BMEP

Brake mean effective pressure
BSFC

Brake specific fuel consumption
BTDC

Before top dead center
CA50

Crank Angle 50%
CCM

Cluster compatibility mode
CFD

Computational fluid dynamics

225



CFL

Courant-Friedrichs-Lewy

Cl

Compression ignition
cov

Coefficient of variation
DI

Direct injection
DOHC

Direct over-head cam
ECU

Electronic controller unit
ECM

Electronic controller module
ECN

Engine combustion network
EGR

Exhaust gas recirculation
EIA

Energy Information Administration
EPA

Environmental protection agency

226



FID

Flame ionization detector
GHG

Green-house gases
GM

General Motors
HCCI

Homogeneous charge compression ignition
HPMPI

Hewlett Packard message passing interface
HRR

Heat release rate
HTHR

High temperature heat release
IMEP

Indicated mean effective pressure
IVC

Intake valve close
VO

Intake valve open
KH-ACT

Kelvin-Helmholz, aerodynamics, cavitation, and turbulence

227



KH-RT

Kelvin-Helmholtz, Rayleigh-Taylor
LLNL

Lawrence Livermore National Laboratories
LTC

Low temperature combustion
LTHR

Low temperature heat release
NUIG

National University of Ireland, Galway
PDE

Partial differential equation
PISO

Pressure implicit with splitting of operators
PM

Particulate matter
PRR

Pressure rise rate
NOx

Oxides of Nitrogen
NTC

Negative temperature coefficient

228



RANS
Reynolds averaged Navier-Stokes
RCCI
Reactivity controlled compression ignition
RNG
Renormalization group
ROI
Rate of injection
RPM
Revolutions per minute
Si
Spark ignition
SOl
Start of injection
TDC
Top dead center
TCI
Turbulence-chemistry interactions
THC
Total hydrocarbons
UHC

Unburned hydrocarbons
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