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Abstract

To date, much of the focus of engine models has baghe combustion of conventional
fuels such as diesel and gasoline. Models forradteve fuels are available, but few are
comprehensive, well-validated models that includeusate physical property data as well as a
detailed description of the fuel chemistry. Instork, a comprehensive biodiesel combustion
model was created for use in multi-dimensional eagimulations, specifically the KIVA3v-R2
code [1,2]. The model incorporates realistic pbtgfsiproperties in a vaporization model
developed for multi-component fuel sprays and a&spin improved mechanism for biodiesel
combustion chemistry.

The main goals of this work were to create a walldated model that can be used to
guide future engine experiments fueled with bioglieand introduce a methodology that can be
used when developing simulation models for new sfuelFirst, a representative kinetic
mechanism was chosen. Researchers at Lawrencermdke National Laboratory developed a
detailed mechanism for two surrogate fuel speamsthyl decanoate (MD) and methyl-9-
decenoate (MD9D), capable of representing the atmdr and unsaturated methyl ester
components of real biodiesel fuel. Using a comitamaof the Directed Relation Graph method,
isomer lumping, and limited reaction rate adjusttegthe mechanism was reduced from 3299
species to 85 species, making it a more appropsiatefor multi-dimensional simulations. The
reduced mechanism accurately predicted ignitiomydémes of the detailed mechanism over a

range of engine-specific operating conditions.



Next, the current physical property information fbe five methyl ester components of
biodiesel was added to the KIVA library. Spray slations were performed to ensure that the
KIVA models adequately reproduce the liquid perteira observed in biodiesel spray
experiments. Distillation curves were created tsuee the fuel vaporization process was
comparable to available data.

To validate the model under realistic engine opegatconditions, two biodiesel
experiments were chosen that cover a range ofdapimterest related to biodiesel combustion.
First, a low-speed, high-load, conventional comionséxperiment was simulated and the model
was able to predict the performance and NOx formnasieen in the experiment. The mechanism
was found to be inadequate for low-temperature emtidn and a new biodiesel chemistry
strategy was implemented utilizing n-heptane torowp ignition behavior. A second reduction
was performed as well, further reducing the medmarb 69 species. The high-speed, low-load,
low-temperature combustion conditions were sucadgsinodeled using the new strategy and
the HC, CO, NOx, and fuel consumption were welldted for a sweep of injection timings.
Also, comparisons were made between the resulsodiesel composition (palm vs. soy) and
fuel blends (neat vs. B20). The model effectivedyproduced the trends observed in the

experiments including eductionin NOx with neat biodiesel at these conditions.

Rolf D. Reitz, Professor, Mechanical Engineering Date
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Chapter 1: Introduction

1.1 Motivation

The United States relies heavily on the combustibriossil fuels as a source for its
energy needs. Internal combustion engines areddh@nant machines used to convert the fuel
energy to useable power in both stationary (e.gwep plants, factories) and mobile (e.g.,
automobiles, farm and construction equipment) appbns. Ideally, the hydrocarbon fuels in
these machines would have access to the perfeatrdraboxygen (i.e., “stoichiometric”) and be
allowed ample time to completely oxidize to carlaboxide (CQ) and water (KO). However,
this ideal is rarely achieved in engines, partidulthe mobile engines of this research, where
reaction times are limited to milliseconds, varyiegnperatures change reaction rates, and on-
demand performance causes operating conditionsutbuéte lean or rich of stoichiometric.
Inadequate conditions result in incomplete combustnd undesirable combustion products
(i.e., pollutants). Hydrocarbons (HC), carbon made (CO), particulate matter (PM), and
oxides of nitrogen (NOx) are identified as the figant air pollutants from mobile sources and
strict regulations of these emissions have beefodétby the United States government [3].

The U.S. Environmental Protection Agency (EPA) leisthed Tier | and Tier I
emissions standards for light-duty engines throilnghClean Air Act Amendments of 1990 [4].
In two stages between 1994 and 2009, light-dutgadiengine manufacturers were required to
reduce their NOx and soot emissions by over 9082000, the EPA signed emissions standards
for heavy-duty engines as well. These standardsined a 90% reduction in NOx and soot

between 2007 and 2010 [5]. While €@ a desirable product of efficient combustions ialso a



greenhouse gas. To address this issue, the EPfkharizepartment of Transportation’s National
Highway Traffic Safety Administration (NHTSA) adaut greenhouse gas rules for both light-
duty and heavy-duty engines [6]. The rules affeotlel years 2012 through 2016 for light-duty
[7] and model years 2014 to 2018 for heavy-dutyireegy [8]. In conjunction with the GO
regulations, the Corporate Average Fuel EconomyHRE)Astandards have also increased; each
with the goals of achieving a fleet-wide fuel ecoryoof nearly 35 miles per gallon by 2020 [9].
Both the CAFE and COstandards are efforts to reduce energy consumpiiohimprove the
efficiency (i.e., fuel economy) of mobile engines.

Exhaust emissions regulations drive much of theaesh and development for today’s
mobile engines. The higher efficiency of compressgnition, or diesel, engines makes them an
attractive alternative to the spark-ignition, orsgiine, as a means of reducing £énd
improving fuel economy. However, diesel enginegehaot significantly gained in popularity in
the United States, partially due to the traditigpndigher NOx and soot emissions with the
conventional compression-ignition combustion precesThis conventional strategy involves
injection near top dead center (TDC), resultingaimelatively rich diffusion flame and high
temperatures. These hot, rich conditions are iftgaNOx and PM (soot) formation. Diesel
engine experiments performed in laboratory settangsused extensively to test new operating
regimes and discover new strategies to reduce tragsions and also improve the efficiency of
these engines.

Early experiments of Kamimoto and Bae [10] idegtifthe NOx-soot trade-off for diesel
engines and the small window of operating cond#iamailable to simultaneously reduce NOx

and soot. This operational window, characterized ltw equivalence ratios and low



temperatures, is denoted the low temperature cambufd. TC) regime. The LTC strategy is
generally achieved with high levels of exhaust gagrculation (EGR) to reduce temperatures
[11,12]. Other strategies have been identified theus more on reducing the equivalence ratio
of the combustion mixture. These include homogeseatharge compression-ignition (HCCI),
which uses early injection timings to create a lylaomogeneous mixture, and partially-
premixed charge compression-ignition (PCCI), whisles two injections (one early and one at
conventional diesel injection timings) to createighly-mixed charge.

Experimental engine research is often performedgusietal engines, which can provide
valuable performance and emissions data. Unfortlygadue to their restricted view,
researchers can only hypothesize regarding sprhagvim, or locations of key species formation
and the onset of combustion. Optical access isilples by installing windows into the
combustion chamber. Through use of sophisticadedrs and camera diagnostics, researchers
can then “see” the spray or combustion event takiiage inside the engine. Optical engines
have helped researchers make valuable contributmmar understanding of diesel spray and
combustion processes [13-17]. However, such fassliare expensive and, like most
experiments, set-up and data collection can bema&-tonsuming process. In this regard,
computational models can play a significant roleeimgine development. Engine simulation
results can be coupled with post-processing soéwarprovide a view into the combustion
chamber without modifying an experimental engingijlevoften reducing much of the time and
expense associated with engine testing in the ébior.

The KIVA3v-Release 2 (KIVA3v-R2) computational ftlidynamics (CFD) code is an

updated version of one of the pioneer codes fomengimulations [1,2]. It is a combination of



many sub-models that have been extensively vatidatainst a variety of spray and engine
experiments. A large number of the models withia KIVA3v-R2 code are designed for diesel
combustion and these models have greatly contdbtdeour understanding of the processes
occurring within the engine. Recently, the modedse been used to identify optimal spray
targeting [18-20], injection strategies [20-23]damston geometries [24,25] to improve engine
performance and reduced emissions. More recelltligjohn et al. [26,27] used computational
modeling of two fuels to guide experiments that foored the benefits of an innovative
reactivity-controlled compression-ignition (RCClyagegy as a means of achieving very low
emissions and improved efficiencies.

As new combustion strategies arise and computeabdltges improve, it is important to
expand computational models by including a varietyfuel options, and a more realistic
representation of fuels, both in terms of physpmalperties and chemistry. To date, much of the
focus of engine models has been on the combusfi@moroventional fuels such as diesel and
gasoline. Models for alternative fuels are avadabut few are comprehensive, well-validated
models that include accurate physical property datavell as a detailed description of the fuel

chemistry.

1.2 Objective

The objective of this work is to create a compreianbiodiesel combustion model for
use in multi-dimensional engine simulations, spealily the KIVA3v-R2 code [1,2]. The model
will incorporate realistic physical properties invaporization model developed for multi-

component fuel sprays. It will also apply an immgd mechanism for biodiesel combustion



chemistry. While this work focuses on validatingnadel for biodiesel fuel, the methodology
introduced next, and described in detail in thelof@ing chapters, is applicable to the
development oany new fuel model. A second, equally important gufathis work is to serve as
a guide for researchers who wish to develop newlsition models for future fuels.

Model development was achieved in three stagesst, ldetailed reaction mechanisms
were investigated to improve accuracy of a previoiasliesel fuel chemistry model. Once an
appropriate mechanism was identified, it was nesgs® reduce the number of species in order
to make it applicable to CFD simulations. Homogrreereactor studies were simulated using
the programs CHEMKIN [28] and Senkin [29] to assélss ignition timing and species
concentrations of the reduced mechanism comparedhadse predicted by the detailed
mechanism. By applying the mechanism in these &etelg mixed environments, chemistry
was isolated from the physical processes (i.eay3@nd properties of the fuel.

Next, current biodiesel physical property inforroatifor the five components of
biodiesel was added to the KIVA library. Once thel was accurately described, spray
simulations were performed to ensure that the Kiiiddels adequately reproduced the behavior
observed in biodiesel spray experiments. Non-megcpray cases were modeled to assess the
physical processes such as injection, break-upyvapdrization of the fuel. Comparisons were
made between the model predictions and experimesgalts, and model inputs were adjusted to
assess sensitivity to spray model parameters ai@dmposition.

Once these individual models were validated, thprehensive model was applied in

engine simulations. To ensure effectiveness, tbdainmust be able to reproduce results from a



variety of biodiesel-fueled engine experiments. oTwvalidation experiments were chosen to

cover a range of topics of interest related to igieel combustion:

» Conventional and low-temperature combustion regimes
* NOXx, soot, HC, and CO emissions

* Biodiesel-diesel blends

* Heavy- and light-duty engines

* High- and low-speed operation

* High- and low-load operation

* Injection timing and combustion phasing

» Effect of exhaust gas recirculation (EGR)



Chapter 2: Literature Review
2.1 Simulation Models

2.1.1 CHEMKIN Il Chemistry Solver

The CHEMKIN Il chemistry solver is a Fortran-basedtware package that assists in the
solution of problems related to elementary gas-pltaemical kinetics [28]. The solver consists
of a library of subroutines used in conjunctionhaanother program that describes the governing
equations related to the problem. The CHEMKIN sols called to calculate the equations of
state, thermodynamic properties, and chemical mptoolurates requested by the main program.

In order to use CHEMKIN, a kinetic reaction meclsami must be provided which
includes the species, reactions, and reaction thegsdescribe the chemistry related to the fuel
oxidation. The production rate of th& kpeciesgy, is found by summing the rate-of-progress

variables for all the reactions that involve tffespecies, as shown in Equation (1),

! 1)
W= Z Vk,i i
i=1
wherevy; is the difference between stoichiometric coeffitsefor the products (double gquotes)
and the reactants (single quotes) as follows:
Vi,i=Viei ~ Vk,i (2)

The rate-of-progress variable, tpr the " reaction is found from the difference between

the forward and reverse rates of reaction as seEquation (3).
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In the above equation, [Kis the molar concentration of th& kpecies, andskand k; are
the forward and reverse rate constants for theeaction, respectively. The forward rate
constants are assumed to be described by the Aughieaie expression:

E; 4
kf'izAinieRcT ( )

where A is the pre-exponential factor; i3 the temperature exponent, andisthe activation
energy for the"! reaction; T and Rare the temperature and universal gas constapecgvely.
It should be noted that the rate constant’s uraty depending on the order of the given reaction.
For example, the reaction rate for species A (dg)/dt) might depend on species B and C as
ka[B]"[C]" where the reaction order is m+n and brackets £[giyify a concentration. Obtaining
values for the three rate parametersbA and E, requires an extensive knowledge of molecular
theory and application of advanced numerical pnogrand techniques [30]. Once discovered,
the rate parameters are included as essential ceenof the mechanism.

The reverse rate constant is related to the forwatel constant through the equilibrium
constant, K, where

k Ky (5)
Tl Kc,i
The equilibrium constant above, which is given mts of concentration, is found from
Equation (6), which is simply a conversion from #guilibrium constant in units of pressure,

Kpi, using the atmospheric pressurgmP
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Zlk(=1 Vi,i (6)
R.T )

KK(

Kpi is easily calculated from thermodynamic propertising Equations (7)-(9), where S

and H are the species entropy and enthalpy, respectively

Kp,ize(A’f:p_if%()) ")

AS" c (8)
-2 w)

AH? < H 9
RT ; < R kT)

In order to determine the appropriate standare sa¢cific heat (§&), enthalpy (H), and
entropy (%) for each species in the mechanism, a thermodyndatabase is also included. The
database contains seven coefficients that estatiisipolynomial curve-fits for each of two
specified temperature ranges. The following eguatishow how the seven coefficients are

applied in the equations for specific heat, entha#md entropy.

=a1,k + az’kT + a3’kT + a4_’kT + as’kT
C
H? a a a a a 11
k =a1 . + 2,k T + 3,k 2 4.k 3 5k 4 + 6,k ( )
R.T kT 3 4 5 T

K (12)

Sk as, aS,k
R——alkln(T) +a2kT+TT2 3 —=T3 TT4+a7,k

The structure of CHEMKIN can be seen in Figure 2ZFhe CHEMKIN interpreter reads
the kinetic reaction mechanism provided by the @&t combines the information with that

from the thermodynamic database. The interpretates a new binary file that will be used to
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link this information to the CHEMKIN library. Thibrary consists of gas-phase subroutines
that contain the equation of state, and thermodynaefationships associated with the species
and reactions found in the mechanism. This libiarysed in conjunction with an application

code to solve the given reacting flow problem.

Reaction Thermao
KMechanism Database
{mech.dat} {therm.dat)

- CHEMEKIM
"| Interpreter (ckintg)

Text Cutput
imech.oul
Wy

CHEMKIN Linking File
{eklink)

'

CHEMKIN Library
(ki)

'

Application Code

Figure 2-1: Structure of the CHEMKIN package [29]

2.1.2 SENKIN

Senkin is a Fortran-based application code thatesalse of the CHEMKIN library
described previously. The program is designeahiyze homogeneous gas mixtures in closed
systems [29]. Six systems are available for amalys(a) adiabatic constant pressure, (b)
adiabatic constant volume, (c) adiabatic time-ddpah volume, (d) constant pressure and
temperature, (e) constant volume and temperatund, (& time-dependent pressure and

temperature. Once the problem is specified, Semgas the same differential equations as those
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in the CHEMKIN-II solver [28] to provide species catemperature histories of the mixture
based on the given mechanism.

Each of the available Senkin systems is considaretbsed environment in which no
mass crosses the boundary. Therefore, the tots$ wfathe mixture remains constant and does
not change with time. The mass of individual spechowever, changes within the system based
on the following equation:

? :V(J)ka

where t is timeg is the molar production rate of th& kpecies, Wis the molecular weight of
the K" species and V is the volume of the system. Deipgrmh the system chosen for analysis,
Equation (13) can be used to derive the energy tieguand various other thermodynamic

relationships.

2.1.3 CHEMKIN-PRO

CHEMKIN-PRO is a commercial software package thaiptes a variety of reacting
flow applications with the CHEMKIN 1l library in aiser-friendly Graphical User Interface
(GUI) environment. The solver algorithms are algmgraded from the original CHEMKIN
package to improve efficiency for complex modelattimclude large kinetic mechanisms. Of
notable interest for this work, CHEMKIN-PRO incliedea Reaction Path Analyzer post-
processing feature that creates an interactivealidisplay of the interconnections between
species.

Figure 2-2 below shows an example of the displélge Reaction Path Diagram, labeled

“a”, displays the connections between speciestef@ést. The arrow widths indicate the rate-of-
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production from Equation (3) for a species at thsebof the arrow with respect to the connecting
species at the arrow head. The Rate of Produatindow (b) depicts the numerical values for
each reaction related to a highlighted speciesditAwshal descriptions of the remaining windows

can be found in Appendix B.

(b)

111
]

Figure 2-2: CHEMKIN-PRO Reaction Path Analyzer dow, (a) Reaction Path Diagram and
(b) Rate of Production display
2.1.4 KIVA3v-Release 2 Models
The biodiesel engine model was developed as patieoKIVA3v-Release 2 code used
by the Engine Research Center (ERC). This muttiegisional CFD code is coupled with the
CHEMKIN 11 library, where KIVA accounts for flow ahfuel preparation effects in the engine,
and CHEMKIN describes the fuel chemistry. The CHEM solver is called for each cell and
the IVC temperature, pressure and species contiensaare supplied to the chemistry model.

Within CHEMKIN, each cell of the computational grid considered a well-stirred reactor.
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Production rates for each species are calculatdduaad with the mass fraction, density, and
molecular mass to form new species based on thetioea in the mechanism. Species
concentration changes are returned to KIVA andehedues are used to calculate the energy
release [31,32]. The process of exchanging andtuyd species information between KIVA
and CHEMKIN is repeated for each species in evelyat each time step in the calculation.

Turbulence was accounted for using the RM& model. However, turbulence-
chemistry interactions were not considered in thigk. Previous researchers [33-35] have
found that energy release is dominated by chemeftgcts and not by sub grid-scale turbulent
transport. A phenomenological nozzle flow modelsweed to account for flow losses and
cavitation. Using a given nozzle configuratione timjection pressure, discharge coefficient,
effective injection velocity and initial drop sizase calculated for the injected fuel [36]. Once
the fuel droplets are injected, an improved sprayleh that uses gas-jet theory was applied to
reduce grid dependencies and improve both thewvelaelocity of the droplets and gas, and the
entrainment rate [37].

The injected fuel droplets experience break-up aticg to the hybrid Kelvin-Helmholtz
(KH)/Rayleigh-Taylor (RT) spray model [38]. The Kitodel predicts the primary break-up
stage by evaluating the break-up timgy, using Equation (14), in which;Bs an adjustable
parameter, an@yy and/Axy are the calculated frequency and wavelength ofabiest growing
wave, respectively. In KIVA, Bis termed “cnst22” and given a value 40. As seethe
equation, a larger Besults in a longer break-up time.

i _ 3.726B;r (14)
K QnAky
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The radius of a child droplet in the KH model iscadated using Equation (15), wherg B
is also adjustable (Bs “balpha” in KIVA and assigned a default valied®).
TCZBOAKH (15)
A break-up length, §, is calculated using Equation (16),
or (16)

a

Lpy=Cpd,

wherep; andp, are the fluid and air densities, respectively, dni$ the parent droplet diameter.
Cp (known as “distant” in KIVA) is an adjustable pareter with a default value of 1.9. Beyond
this break-up length, the RT model is utilized todal secondary break-up of individual drops.

When the wavelength of the fastest growing wave @iven droplet is smaller than the
droplet diameter, RT waves grow on the dropletasief When the waves grow for a time
greater than the break-up time, the droplet bregkisito child droplets. The radius of each child
droplet is given in Equation (17), whergds adjustable (“cnst3rt” in KIVA with a value of
0.10) and kr is the calculated wave number. In general, a lem&k value will produce
smaller child droplets.

_ T[CRT (17)
Kgrr

Te

These droplets vaporize according to the physiagbgrties found in the fuel library for
the selected fuel. Ra and Reitz [39,40] expantedklVA3v-R2 package to include discrete
multi-component (DMC) fuel considerations. The DMGde allows preferential evaporation
based on nine temperature-dependent physical pieger The Design Institute for Physical

Property Research (DIPPR), through the Americatitine of Chemical Engineers, maintains an
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online database known as Project 801 [41]. Thialiese includes correlations for a wide range
of critically-evaluated thermophysical data. Talé shows the physical properties required by
the DMC vaporization model and the correlation éach property. These correlations, along
with correlation coefficients, molecular mass, icat temperature, and boiling temperature for

each fuel species, are hardcoded into the KIVA3wiR2lel.

Table 2-1: Temperature-dependent physical promentselations used in the DMC model of
KIVA3v-R2 [39,40]

Thermophysical Property DIPPR Correlation [41]
v A

Liquid density = D

B 1+(1-¢)

B
Vapor pressure Y = exp [A +5+ C In(T) + DTE]
Surface tension Y = A[1 — T,](B+CTr+DT#+ET?)

L . B

Liquid viscosity Y =exp [A + T + C In(T) + DTE]

Liquid thermal conductivity Y = A+ BT + CT? + DT3 + ET*
Heat of vaporization Y = A[1 — T,](B+CTr+DT#+ET?)
Liquid heat capacity Y=A+BT+CT*+ DT3+ET*

Vapor thermal conductivity Y = A+ BT + CT? + DT3 + ET*

ATE

C. D
147+

Vapor viscosity Y=

* T, is the reduced temperature, T/T
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The number of physical property surrogates usaepocesent a given fuel’s composition
is only limited by the available data and computadi cost. The proportion of each property
surrogate is estimated from an experimental contipasior selected to achieve appropriate
vaporization (i.e., match a distillation curve) fargiven fuel. Once the fuel is vaporized, the
individual physical property surrogates can be ¢tedipvith representative chemistry species to
account for component-specific chemistry.

The vaporized fuel chemistry is modeled using aetkin reaction mechanism that
contains species and thermodynamic data for a diveln as well as reactions and reaction rate
information that describe the oxidation processalRtic fuels are often complex mixtures of
many species, and it is common to choose a sugogpgcies from a chemical family to
represent the fuel mixture. For example, diesel iiilargely composed of alkanes, and is often
represented by n-heptane for chemistry. These duaiogates are chosen for their similar
chemical properties and ignition behavior compadeceithe real fuel.

The reaction mechanism inherently contains reastityat produce pollutants such as
CO, CQ and unburned hydrocarbons. However, unless thleofuinterest contains nitrogen, it
is uncommon for NOx formation to be included. Nfoxmation in this model is accounted for
by adding four species and 12 reactions to the am@sim. This 12-step NOx model was adapted
from a mechanism developed by the Gas ReseardtutesfGRI) [42,43]. It includes thermal

(extended Zeldovich) NOx reactions as well as reastfor NQ and NO.
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2.2 Biodiesel Characteristics

An accurate engine model requires that both thebecstion chemistry and the physical
processes (spray break-up, atomization, vaporizagdc.) are well represented. These two
aspects of the model depend on the fuel's compositi Biodiesel is made from the
transesterification of fatty acids with an alcoft]. The exact composition (percentage of each
methyl ester) depends on the feedstock used taipedtl Some common biodiesel vegetable oil
feedstock includes rapeseed, peanut, canola, paltonut and soy [45]. More recently, the use
of algae [46] has been proposed as a way to probliackesel in response to the controversial
“food vs. fuel” and land-use issues associated wibfuel production [47].

In the United States, soy is a common feedstockctwis processed with methanaol,
resulting in a biodiesel fuel that is mainly compd<f five methyl esters: methyl palmitate
(C17H3402), methyl stearate (gH3s02), methyl oleate (€&H360,), methyl linoleate (¢H3405),
methyl linolenate (@&H3202). As seen in Figure 2-3, methyl palmitate andhylestearate are
saturated, while methyl oleate, methyl linoleate¢ anethyl linolenate contain one, two, and
three double-bonds, respectively. A common shanshnotation for these methyl esters is
simply Cx:y, where X’ represents the number ofboer atoms in the alkyl chain and 'y’

represents the number of carbon-carbon double-b@ngs C16:0 for methyl palmitate).
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Figure 2-3: Five common components of soy-basediésel. (a) methyl palmitate, (b) methyl
stearate, (c) methyl oleate, (d) methyl linoleat&] (e) methyl linolenate [48]

2.2.1 Biodiesel Physical Properties

Researchers at the University of lllinois — Urb&taampaign [49] developed methods to
accurately calculate biodiesel property values thase mixing rules and the known chemical
composition of the fuel. Property predictions iaodiesel derived from soybean oil were found
to be consistent with available experiments. Témmosition of the fuel was adjusted to see the
effect on the properties. An increase in the amafirighly-unsaturated methyl esters (those
with multiple double-bonds) caused high criticahpeerature and high heat of vaporization, but
low vapor pressure and low liquid density. Highchions of nearly-saturated methyl esters
resulted in high critical volume, surface tension iquid viscosity.

Yuan et al. [50] later applied these biodiesel prtips in engine simulations using
KIVA3v. The code used the KH-RT model to descrilveak-up of the injected fuel. This
model includes several constants that can be ttoreal given fuel, but the standard values were
used for this work. The Shell model [51], whiclesig generic eight-step mechanism to simulate

the auto-ignition of hydrocarbons, was combinedhwét single-step combustion model to
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represent the fuel chemistry. These models wdilerated for both diesel and a soy biodiesel by
adjusting reaction rate constants in the modelesd@re and heat release rate for the two fuels
were consistent with experimental results. Bioeli@gas found to ignite sooner, have higher in-
cylinder temperatures, and longer fuel penetratmmpared to the diesel.

Stringer et al. [52] used the methods of Yuan ef48l] to determine physical properties
for biodiesel from a variety of feedstocks: soymeabconut, palm and lard. The study used the
KIVA3v-R2 code with the KH-RT break-up model (staind constants), and a multi-component
model for the fuel vaporization [53]. The focustbé& work was on understanding the break-up
and vaporization characteristics of biodiesel dmetdfore, fuel chemistry was not considered.
Five biodiesel blends were tested: BO (pure dje8sl, B5, B20, and B100, where the number
represents the percent (by volume) of soy biodigstie mixture. The pure soy biodiesel was
then compared to pure coconut, pure palm and pudediodiesels. Fuel sprays were analyzed
in a three-dimensional, constant volume cylindedarnconditions typical of an engine at the
time of injection. The results for the biodieskrals showed that an increased percentage of soy
biodiesel caused decreased volatility (reduced vapass) and increased spray tip penetration.
When the pure biodiesels were compared, it was shbat the soy biodiesel was the slowest to
vaporize and had the largest droplet diameterscoQuat biodiesel, which had the lowest boiling
point, vaporized the fastest.

Chakravarthy et al. [54] used correlations and ngxiules similar to Yuan et al. [49] to
calculate average physical and thermodynamic ptiegefor soy biodiesel. In some instances
the properties of methyl oleate, one of the fiveirmeonstituents of biodiesel, were used.

Property information for methyl oleate is readilyadable in databases such as DIPPR [41].
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These average properties were added to the KIVA3ViRI library and applied in engine
simulations. Two operating regimes were considerednventional diesel combustion with
injection near top dead center (TDC), and premixbadrge compression-ignition (PCCI)
combustion with early injection and reducegt® simulate exhaust gas recirculation (EGR). In
both cases, the KIVA3v-R2 code was coupled with GHEN 1l [28,31] for a more detailed
representation of the fuel chemistry than thatrefleby the Shell ignition model. A reduced
n-heptane mechanism [32] was used to represent fuml the conventional combustion case, it
was found that the physical property differencassed delayed ignition for biodiesel compared
to diesel. However, in the PCCI case, where thamisiry is more important, the two fuels
produced similar results due to their identical fuechanism.

Ra et al. [55] expanded on the work of Chakravamthyal. by identifying the fuel
properties responsible for the differences in costibbn. The study first considered non-
reacting, single-droplet evaporation and it wasntbuhat the fuel liquid density and vapor
pressure had the greatest effect on evaporatiammb@stion simulations in both a heavy- and
light-duty diesel engine were performed and in gehethe biodiesel properties delayed
vaporization and ignition, increased liquid pentdra and lowered peak in-cylinder gas
pressure compared to diesel fuel properties. Hewew single biodiesel property could be
linked to the differences. Instead, a coupledoeftd liquid fuel density, vapor pressure and
surface tension appeared to be responsible.

These studies were able to apply accurate phyprogderties and gain insight into the
effect of certain properties. However, they eitel not consider chemistry, relied on overly-

simplified reaction kinetics (the Shell model), ased detailed chemistry, but applied a
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hydrocarbon (n-heptane) instead of a methyl est¢hile these studies are valuable, they do not
consider the unigue chemical structure of biodiesel as a result, may be neglecting important
intermediate species that could be responsiblesdare of biodiesel’'s characteristic differences

in emissions.

2.2.2 Biodiesel Mechanisms

In order to adequately represent the combustiomidtey of biodiesel fuel, an accurate
chemical kinetic mechanism must be available. Busvwork has explored the use of methyl
butanoate (€H100,) as a biodiesel fuel surrogate [56], but studia@gehshown that this species
does not adequately capture the ignition delayerspecies history (e.g., @3een in biodiesel
[57-60]. These results have been attributed toitkafficient length of the carbon chain in
methyl butanoate (MB). In response to this issuepmbination of 1/3 MB and 2/3 n-heptane
was proposed by Brakora et al. [61]. A mechanisas @eveloped for this two-fuel biodiesel
surrogate by reducing the number of species of dbmprehensive MB mechanism and
combining it with a well-tested mechanism for nd4age oxidation [32]. NOx chemistry was
represented by the adapted GRI mechanism [23,42].

The biodiesel mechanism, ERC-bio, and the physoaperty data from Ra et al. [55]
were applied in an engine simulation using KIVA32-Boupled with CHEMKIN 11 [62]. The
biodiesel model was validated against experimestfopmed at Sandia National Laboratories
[63] and was found to match ignition time, pressamed heat release rate, which suggests that
the fuel oxidation chemistry was well-representedowever, NOx was significantly under-

predicted.
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More recently, researchers at the Lawrence Liveenational Laboratory (LLNL) have
proposed methyl decanoate{8,,0,) as a biodiesel fuel surrogate, arguing that atsgér
carbon chain would provide a better prediction led tgnition and species history [60]. The
mechanism was tested against a limited number oitiog and jet-stirred reactor (JSR)
experiments, and it was found to be more repreteataf biodiesel fuel chemistry.

Hoffman and Abraham [64] used single-zone HCCI $athons and detailed reaction
mechanisms to compare n-heptane (a common surrdgatdiesel fuel chemistry), methyl
decanoate (a proposed biodiesel surrogate) andtldimether (a biofuel). Their work
investigated the impact of EGR on NO formation. eéxpected, the addition of EGR increased
ignition delay and decreased NO formation for thee¢ fuels, which was attributed to the
decreased ©Oconcentration and decreased temperatures. Howineeauthors were unable to
make a definitive comparison of NO formation betwdaels, since the n-heptane required
higher initial temperatures to match ignition timeshe higher initial temperatures resulted in
higher peak temperatures and higher NO for theetlissirrogate, which is contrary to
observations in many engine experiments.

In another study, Song et al. [65] experimentatijnpared the effect of intake air oxygen
enrichment and fuel oxygenation on soot and NOxssimns in a diesel engine. Both cases
resulted in decreased soot and only the intake exygnrichment caused significant NOx
increases. The authors suggest that the NOx iseredth oxygen enrichment was due to the
more readily available atomic oxygen or the higieenperatures that enhance thermal NOX.

Brakora and Reitz [66] also performed HCCI simwlasi in order to investigate the effect

of chemistry on the prediction of NOx. The prewduodiesel surrogate (MB + n-heptane) was



23

compared to the traditional diesel surrogate (ndreg) over a range of equivalence ratios in
single-zone HCCI simulations. It was found thatyoa small (< 3%) increase in NOx was
observed with the use of biodiesel for equivalerat®s below stoichiometric. Additionally, it
was found that the fuel-bound oxygen in biodiesdl bt increase NOXx to the extent that the
same amount of oxygen created if it were availabtbe surrounding air.

Studies have shown that the appearance and locafiomouble-bonds can have a
significant effect on the fuel chemistry [59,673ince biodiesel is typically composed of several
unsaturated methyl esters, the methyl decanoatehanemn was expanded to include
methyl-9-decenoate (¢H»00,), which has a double-bond at the ninth positiontloa carbon
chain [59]. Figure 2-4 compares the chemical stinecof biodiesel fuel surrogates that have
available detailed chemistry mechanisms. The @@lso depicts the numbering scheme applied
to the carbons, as implemented in the LLNL mechmagis Note that the species contain the
similar methyl ester structure seen in Figure 2+8) the methyl-9-decenoate double-bond is in
the same location as that of the first double-bonthe methyl oleate, methyl linoleate, and
methyl linolenate components of real biodieselduel
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Figure 2-4: Chemical structure of three biodieset@gate species with available mechanisms:
(a) methyl butanoate, (b) methyl decanoate, anthéthyl-9-decenoate
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As a result of their long carbon chains, the comBiimethyl decanoate (MD) and
methyl-9-decenoate (MD9D) reaction mechanism frdoNL contains 3299 species and 10806
reactions, which also includes n-heptane for usanaalkane surrogate for biodiesel blending.
While this mechanism was found to adequately reprtelsiodiesel chemistry, its size restricts its
ability to be directly applied in engine CFD moddise to computational limitations. Instead,
mechanisms of this size are limited to completelyeti, zero-dimensional models that can be
used to predict ignition times and species conaéiotrs, but are not representative of the
transient behavior observed in actual enginess ftecessary to use a reduced mechanism for

application in CFD models.

2.2.3 Mechanism Reduction Techniques

The general procedure for mechanism reduction weslidentifying species and
reactions that do not significantly contribute ke tspecific desired results (e.g., ignition delay
time) of a given operating condition and removihgm from the mechanism. For detailed
mechanisms on the order of 100 species, it is plestd use a simple reaction flux analysis to
identify which species are insignificant [32,61%eiser et al. [68] created a reduced n-heptane
mechanism using a sensitivity analysis based otiogrdelay. Constant pressure, homogeneous
reactor simulations were performed using the cohmgmeive mechanism under several
conditions. Species and all reactions in whichgpecies appeared were systematically removed
and the ignition delay time was measured. If iretion delay did not deviate from that of the

comprehensive mechanism by more than 0.84%, tretiesp and its corresponding reactions
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were removed from the mechanism. This procesdtegsin an intermediate mechanism of 282
species and 1282 reactions. The mechanism waseedurther by assessing the chemical
pathways related to the fuel breakdown and oxidati®Gpecies were neglected if they only
appeared in pathways where the rate of fuel breakdand oxidation were small. The final
reduced mechanism had 160 species and 770 reactions

Golovitchev [69] created a skeletal n-heptane meieha containing 40 species and
165 reactions. This method utilized sensitivitplgsis and atom conservation. Ignition times of
the resulting mechanism were validated againstraxeatal shock tube data and some reaction
rates were adjusted to improve the predicted igmitielay times. The mechanism captured the
negative temperature coefficient behavior of n-aeptand accurately reproduced its ignition
delay timing for 13.5 bar and 41 bar pressure dard.

The Golovitchev skeletal mechanism was further cediby Patel et al. [32]. In a similar
method to that of Seiser, a sensitivity analysis warformed on species over a range of initial
conditions. Species and reactions were removeedbas ignition delay time comparisons. This
method included application of a micro-genetic athon to optimize reaction rate constants in
order to improve the agreement with more compreliensiechanisms. The final reduced
mechanism included 29 species and 52 reactionsvasdsuccessfully applied to diesel engine
simulations over a wide range of operating condgio

When mechanism sizes exceed 1000 species, it caimbeconsuming to manually
evaluate every possible pathway. Several automaidaction techniques are available, which
have been shown to drastically reduce the size exfhianisms, while maintaining much of the

fidelity of their detailed counterparts.
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Lu and Law [70-72] applied the theory of directethation graph (DRG) to the process of
mechanism reduction. This method identifies unirtgod species by considering how they are
coupled to other species in the mechanism. A nlizeth contribution parameterag, is
calculated to quantify the contribution of specigdo the production rate of species A. In
Equation (18), | is the total number of reactiong, is the overall stoichiometric coefficient for
species A Is the production rate, ardg ; is a delta function that is unity if reaction intains

species B, and zero otherwise.

_ Zi:l,llUA,iwi(SB,il (18)

T, =
4 Zi=1,1|UA,iwi|

The nodes in the directed relation graph are lintkaddividual species in the mechanism
and an edge is formed between two speciegify larger than some user-specified toleratice
Key species of interest (i.e., fuel and desireddpots) are identified andg is calculated with
respect to those species. The DRG can then be tosgtentify which species are strongly
coupled to those key species and eliminate the resing a threshold value &f= 0.16, the
authors demonstrated that a detailed ethyleneiogattechanism of 70 species could be reduced
to 33 species without a significant effect on perfance. The reduced and detailed mechanisms
were well matched in terms of auto-ignition and penature profiles from perfectly stirred
reactor simulations.

Perpiot-Desjardins and Pitsch [73] made severalrongments to the DRG method.
They noted that the original version considereddpation and consumption reactions of equal
weight, but that a species that only consumes Aldvoot have the same effect as one that

produces and consumes it. This error-propagatDBQEP) method considers the net
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contribution of species B to species A, giving aenappropriate indication of the strength of the
relationship between the two species. Using thes, Equation (18) was reformulated into
Equation (19).

. _ Yic11|vaiwiOp,| (19)
AB,PDP max(P,, Co)

where R and G are the max production and consumption of eacbispelefined as follows:
(20)

I
Py = Z max(O, VA,i(Di)
i=1

‘ (21)
Cp = Z maX(O, —VA,iooi)
i=1
Other modifications have been made to the DRG temtuenethod and several studies
have applied the method to reduce the methyl detanmechanism. Shi et al. [29,74]
developed an automatic reduction code based oDRBEP method that used a Senkin-based
model for single-zone HCCI engine simulations. Tftechanism reduction procedure compared
three performance parameters (CA50, peak pressudepaak heat release) of the reduced
mechanism to those of the detailed mechanism. tiaail details of this model are included in
following section. Using this code, the originaDMnechanism (no MD9D) was reduced from
3036 species and 8555 reactions to 435 specied @i reactions with validation against the
detailed mechanism in single-zone HCCI simulations.
Seshadri et al. [75] used DRG to reduce the MD maeisim to 125 species and 713
reactions with validation against the detailed naeidm in perfectly stirred reactor (PSR)

simulations and against extinction experiments aoanterflow reactor. Luo et al. [76] focused
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on the high-temperature chemistry and used a catibm of DRG and chemical lumping to

reduce the MD+MD9D+n-heptane mechanism to 118 speand 837 reactions. The results
were well-matched to the detailed mechanism in B8Rulations and to jet-stirred reactor
experiments with rape seed oil methyl ester. Luale[77] later used a similar reduction

technique to develop a 123 species (394 reactioexhanism that included low-temperature
chemistry. The mechanism was validated againseéraxental flame lift-off data from Sandia

National Laboratories. The mechanisms developed.ury et al. [76,77] were reduced using
mixtures of 25% MD, 25% MD9D and 50% n-heptane.e Tésults are given for this mixture

only, and the authors do not indicate the accuddagsults using the individual fuels compared
to the detailed mechanism.

DRG has shown promise as a means of significarejuceing biodiesel surrogate
mechanisms. However, current computational ressustll require mechanisms to be less than
100 species to ensure efficient computational tifesuse with multi-dimensional engine
models. To address the limitations of DRG, a coration of DRG and manual isomer lumping

was applied to achieve the desired mechanism arzéis work.
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Chapter 3. Chemistry Model Formulation and Validation

It was of interest to thoroughly document the reiucand optimization process for
future mechanism reduction efforts. This chap&scdbes the reduction process applied to the
LLNL MD/MD9D mechanism. In addition to the desdign here, a Mechanism Reduction
Manual was created to outline general reductiopsster any mechanism of interest. The
manual includes detailed instructions for using swtomated DRG code and strategies for
performing sensitivity analysis on and adjustingcteon rate constants. A copy of the manual is
included in Appendix B and a directory is availatilat contains input files, example cases and
source codes, as well as the semi-automated senqtspost-processing files to analyze new

mechanisms.

3.1 Mechanism Reduction

The single-zone, Senkin-based DRGEP model develbgeshi et al. [74] was used in
this work for the initial mechanism reduction. Rbe current work, the code was modified to
include a constant volume reactor model to testrteehanism’s performance over a wider range
of conditions. The code calculates the DRG coutrdn index usingas pop in Equation (19) for
each species in the mechanism and compares the t@la given contribution tolerance,
Species with indices beloevare deemed to have an insignificant effect onkenespecies and
can be reliably removed from the mechanism. A cedumechanism is generated and a second

simulation is run to compare the performance patarsg(ignition delay, peak pressure, and
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peak key species concentration) predicted by tdeced mechanism to those of the detailed
mechanism at given conditions. If the reduced rapm results do not exceed a specified error
tolerance, DRG is repeated with an increased @&ssgent)e value. The process continues

until either the error tolerance is exceeded omtigehanism size no longer changes. A diagram

of the process can be seen in Figure 3-1.

Detailed mechanism
Operating conditions
User-specified tolerances
Sample pts
Initial DRGEP tolerance

A

Senkin CONV simulation

Reduced mechanism _>|

+

Increase algorithm tol.

Current | | DRGEP
algorithim tol. reduction

Mech Violate
differs vs.

previous

Restore reduced mech
L . . .
from last valid simulation

| Final reduced mech |

Figure 3-1: Flow chart describing the automated [ER@eduction process [74]

Mechanism reduction was performed in four main stem the first step, DRGEP was
applied to the detailed mechanism using the MD arel MD9D fuels separately, which was
done to ensure that each fuel is properly modelddean equivalence ratiapf0.5) and low

temperature (T=800K) condition was chosen for tieGreduction, because these conditions
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require the greatest number of reactions. ThelmRGEP contribution tolerance was set to
0.0001 as recommended by Ref. [74]. The key spdoig¢rack were the fuel, CO and H®
ensure that the fuel decomposition, CO oxidatiod BpO, chemistry were well represented.
The error tolerance for comparison to the detaitexthanism’s ignition delay time was set to
50% for this step in order to obtain a very smadichranism. This step resulted in two separate
intermediate mechanisms, with 271 species (753ioze} for MD fuel and 173 species (554
reactions) for MD9D fuel. Figure 3-2 shows redocthistory and associated errors for the two

fuels. After more than 20 iterations, the ignitemor exceeded the tolerance for each fuel.
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Figure 3-2: Reduction history for step 1. (a) myétlecanoate and (b) methyl-9-methyl

decenoate

The intermediate mechanisms were compared to ttadete mechanism over a range of
temperatures and equivalence ratios for the 6@temsure condition to ensure that there were no
major changes in ignition delay during the reductgrocess. Figure 3-3 shows the ignition
delay time results under lea@=0.5), stoichiometric, and riclg€2.0) conditions for each fuel.

The right axis shows the crank angle for each tsssiming an engine speed of 1000 rev/min.
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Figure 3-3: Ignition delay times (detailed mechan[§9] in symbols, reduced mechanism as a
line) for each fuel under P=60 bar and (a) leaps{bichiometric, and (c) rich equivalence ratio
conditions.
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The intermediate mechanisms were both limited leyetror tolerance for ignition time.
The largest relative error occurred in the leanivadence ratio condition for both fuels. The
largest error for the intermediate MD mechanism ¥8% (corresponding to 2.5 CA) at 800K,
and was 50% (2.0 CA) at 850K for the intermediatB® mechanism. These errors were
within the allowable range for this major reductistep and the general trend of the ignition
delay time curves remained intact.

In the second step, the Reaction Pathway Analgsisin the CHEMKIN-PRO computer
package [78] was used to identify isomer speciesmfthe H-abstraction reactions in each
mechanism. These isomers tend to have common dldgmamic data and often share the same
reaction rate constants in reaction mechanismguré&i3-4 shows the H-abstraction isomers
produced when MD is the fuel. The “” representsadical site on the carbon numbered
according to the convention shown in Figure 2-4 aVoid making rate constant adjustments at
this early stage, only isomers that did not hala@e impact on ignition were removed. Three
H-abstraction isomers were retained in each meshanimd3j, md6j and md8j for MD, and

md9ad2j, md9d6j and md9d8j for MDID.

md

mdmj md2j md3j md4j md5j mdéj md7j mdaj md9] mdxj

Figure 3-4: Example H-abstraction isomers formedhfloxidation of the MD fuel species
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Once the isomers were removed, the DRG proceduseepeated to remove species that
lost pathways connecting them to the key speciébe second DRG reduction resulted in
mechanisms containing 132 species for MD and 128isp for MD9D. Figure 3-5 shows the
lean equivalence ratio ignition delay results foe first DRG reduction (solid), manual isomer

removal (dash), and second DRG reduction (dash-dot)
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Figure 3-5: Ignition delay time after the second®Rduction step. Detailed mechanism
(symbols), first DRG reduction (solid), manual Hsalction isomer removal (dash), second
DRG reduction (dash-dot)

Additional insignificant species were identifieding the CHEMKIN-Pro reaction
pathway tool and manually removed from the meclmanishe individually-reduced MD and
MD9D mechanisms contained 83 and 71 species, rizgplgc The mechanisms were combined
into a single mechanism that contained 111 spemes331 reactions. It was found that eight
reactions could be assimilated into four to remimee species without altering the ignition time.
Table A-1 in the Appendix shows the reactions thate combined. Additional species that did

not directly contribute to the flow from fuel thrglu the main pathways were also removed. This
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resulted in errors beyond 50% but the errors weoe@ted as long as the general shape of the
ignition delay curve remained intact. It was expdcthat rate constants would be adjusted to
improve the ignition predictions.

The combined MD+MD9D mechanism contained 85 speeied 280 reactions; a
reduction of over 98% compared to the comprehensigehanism. Figure 3-6 shows the key

pathways identified in the mechanism reduction @ssc The final species in each branch leads

to C, and smaller species. A description of the namomgyention can be found in Appendix A.
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Figure 3-6: Key pathways in the MD-MD9D mechanissndentified in the reduction process.
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Finally, the MD-MD9D reduced mechanism was combineith a multi-chemistry
mechanism (ERC-MultiChem) that contains oxidatieactions for a variety of fuel species [40].
This mechanism was chosen as a base anticipat@dutiore biodiesel applications may include
fuels such as ethanol or multi-component diesgjasoline. In this work, however, only single-
component diesel was necessary. All fuel oxidatearctions except n-heptane were removed
from the mechanism in order to save computatior tif@nly the fuel oxidation steps for the MD
and MD9D fuels (essentially the reactions correspanto the pathways in Figure 3-6) were
transferred to the new mechanism. In doing so,rdeptane, MD and MD9D fuels share
common lower-level reaction pathways that contains@ecies and smaller. The resulting
model, henceforth referred to as ERC-MultiChem+MD®D, contained 77 species and 216

reactions, including those for NOx formation anbeaptane oxidation.

3.2 Reaction Rate Constant Adjustments

When a large fraction of the total species is reedofrom a mechanism, the production
rate of key species can be affected. This can doeumted for by adjusting reaction rate
constants for the remaining reactions. First, heeit is necessary to identify appropriate
reactions to adjust. Curran et al. [30] develofielfirst LLNL n-heptane reaction mechanism,
and outlined 25 major classes of elementary reagtibat are important for n-heptane oxidation.
These reaction classes are now the basis of madtansms developed at LLNL, including the
MD/MD9D and ERC-MultiChem mechanisms. Each class & different effect on the ignition
delay time predictions of mechanisms. Reactionthénfirst nine classes are dominant at high

temperatures (above about 900K). The remainingsel are considered low-temperature
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reactions. Table 3-1 identifies the reaction @aghat remained after reducing the MD/MD9D

mechanism.

Table 3-1: Reaction classes from Curran et al. {@®aining in reduced MD/MD9D

mechanism
Class| Description Example
1 Unimolecular fuel decomposition md6j+h=md
2 H-atom abstraction from the fuel md+oh=md6j+h20
3 Alkyl* radical decomposition c6h13-1+mb4j=md6¢p)
4 Alkyl* radical + G, to produce olefin** + HQ directly c6h13-1+02=c6h12-1+ho2
10 | Addition of alkyl* radicals to @ md6j+02=md602
12 | Alkyl peroxy radical isomerization: RE&=> QOOH md6o2=md60o0oh8;
22 | Addition of QOOH to @ md6ooh8j+o02=md6ooh802
23 | Isomerization of gQOOH to ketohydroperoxide + OH md6ooh8o02=mdket68+oh
24 | Ketohydroperoxide decomposition to oxygenated aldicOH | mdket68=mdket680o+0oh

* also includes alkyl ester; ** also includes unsedted esters

As shown previously in Equation (4), the rate cans are Arrhenius expressions. Two
of the three rate parameters provided in the mesimafile (i.e., A and E) were chosen as
candidates to adjust the rate constants. Thexperential factor, A, is directly related to the
rate constant, and increasing A will increase tbestant equally over the entire temperature
range. Figure 3-7(a) shows the effect of increpsind decreasing A by an order of magnitude;
the entire curve is shifted up or down. Figure(B)7shows the effect of increasing and
decreasing the activation energy by 20%. The atitim energy, E, is a temperature-dependent

energy barrier. Changes to E indirectly affectrtite constant and change the slope of the curve.
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Figure 3-7: The effect of changes to the (a) pq@eaential “A”, and (b) activation energy, “E”
rate parameters for an example reaction

In this work, a systematic approach was used tosadpe rate parameters. A sensitivity

study was performed on the key classes to assesffédtt of rate adjustments on ignition delay

time. To evaluate the sensitivity of a given reactsix rate adjustments were made according

to Table 3-2.

Table 3-2: Description of the six adjustmentshi@ teaction rate parameter sensitivity analysis

Test

Pre-exponential factor (A)

Reaction Rate Parameter Adjustment

Activation Energy (E)

(@)
(b)
(€)
(d)
(e)
(f)

Increase by a factor of 2.0
Decrease by a factor of 2.0
Increase to match at 2000K
Increase to match at 500K
Decrease to match at 2000K
Decrease to match at 500K

No change

No change
Increase x 20%
Increase x 20%
Decrease x 20%
Decrease x 20%

Figure 3-8 displays how the rate constant of thportant MD isomerization reaction

changed in the sensitivity analysis. This reachias a large (negative) activation energy and the



39

small changes have a noticeable effect on theiosacite constant. The pre-exponential factor
was doubled and halved and Figure 3-8(a) showsdlteagntire rate constant shifts up and down
equally. The activation energy was increased awtedsed by 20% in Figure 3-8(b) and (c),
respectively. For activation energy adjustmerttsg, tivo extreme values of A (matching the
original rate constant at the 500K and 2000K terijpee points) provided suggested limits for
the pre-exponential value. These limits alloweths@hange to the temperature dependence, but
kept the rate constant within about an order ofmitade of its original value. In general, there

is less confidence in the pre-exponential factdueaand therefore a larger range of adjustment

was allowed.
Reaction Rate Sensitivity Reaction Rate Sensitivity Reaction Rate Sensitivity
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Figure 3-8: Effect of reaction rate parameter sinents from Table 3-1 on the rate constant for
the MD isomerization reaction

The remaining MD/MD9D reactions that were membérhe classes found in Table 3-1
were tested to assess the effect that each redwidron ignition delay time. These sensitivity
tests were performed at 60 bar and stoichiomegre 1(.0) conditions. The five reactions with

the largest effects are shown in for MD fuel Fig@® and MD9D fuel in Figure 3-10. The
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corresponding reaction rate constant changes foh @& these sensitivity adjustments are

provided in Appendix A.
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Figure 3-9: Ignition delay time sensitivity anas/éor MD reactions
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The MD portion of the mechanism required adjustnodribree reactions to improve the
ignition delay time. As shown in Figure 3-11(d)eimd+ho2 reaction was first adjusted to
advance ignition at high temperatures. Thenntitg-oh reaction was used to delay ignition at
the intermediate temperatures. Finally, thd+o2 reaction slightly advanced ignition at the
lowest temperatures. Two reactions were adjustéchpoove the MD9ID ignition. It is not clear
from the sensitivity analysis how one might imprdke high temperature, but closer inspection
of the md+oh figure suggests that the ignition curve actuappwodts” around the 1000K point
(2.0 on the plot). Adjustments to advance ignitedriow temperatures will also slightly delay
high temperature ignition andce versa Instead of showing the sequence of rate adjugsne
Figure 3-11(b), the individual adjustments are smdw distinguish their effects. Table A-2 in
the Appendix displays the original and new ratestamts for the five adjusted reactions in the

reduced mechanism.
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Figure 3-11: Effect of final reaction rate constadjustments on ignition delay time at
P=60 bar, stoichiometric conditions
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3.3 Ignition Delay Time Validation

Once the mechanism was adjusted, it was necessaepéat the full validation process.
The ultimate goal of this mechanism was to appiy iengine simulations. Table 3-3 outlines

the representative engine conditions used to valittee mechanism’s ignition delay predictions.

Table 3-3: Constant volume conditions used tbrestuced mechanism performance

Parameter Range Considered
Equivalence ratiog 0.5,1.0,2.0

Initial Temperature (K) 700-1300 (50K increments)
Initial Pressure (bar) 40, 60, 80

Figure 3-12 shows the ignition delay predictionstfee range of conditions in Table 3-3.
Limited biodiesel ignition delay data is availalded at present, the validation against the
detailed mechanism was deemed sufficient untiiveeieignition data becomes available. Each
figure depicts three initial pressure conditions dogiven equivalence ratio and fuel. Excellent
agreement is seen in Figure 3-12(b) under stoickinomconditions for both fuels. The MD fuel
also predicts well for the lean and rich conditionkile the MD9D fuel is advanced for the lean
case in Figure 3-12(a) and delayed for the ricle ¢dagure 3-12(c). Rate adjustments to correct
for the advanced lean condition caused an exaggedslay for the rich case awude versaso

the original values were considered a compromise.
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Figure 3-12: Ignition delay time validation foretiERC-MultiChem+MD/MD9D mechanism
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As Table 3-4 shows, the maximum error for each fumdurs at temperatures below

1000K under lean conditions. At this time, thesers were deemed acceptable considering the

uncertainty in the detailed mechanism itself.

Whih biodiesel or MD/MD9D ignition data

available, the LLNL researchers validated their n@@ism against n-decane ignition data for a

range of temperature and pressures, but only witdehiometric conditions [59,60].

Table 3-4: Maximum error observed for the ERC-Mihliem+MD/MD9D mechanism

Conditions at Maximum
Ignition Delay Error

Pressure (bar)
Equivalence Ratio
Temperature (K)

LLNL Ignition Delay (s)
ERC Ignition Delay (s)
Ignition Difference (us)
Error (%)

Difference (CA¥)

Fuel

MD MD9D

40 40
0.50 0.50
950 850
1440 1030
985 460
455 570
31.6 55.3
2.7 3.4

*assuming 1000 rev/min
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Chapter 4. Property Model Formulation and Validation

4.1 Physical Properties

As mentioned previously, the current KIVA code usediscrete multi-component
approach to model the physical properties of thed Gaomponents. Properties of interest are
listed in Table 4-1. Molecular mass, liquid depsind heat of formation for each component
were found in the Knovel Critical Tables online alzdse [79]. Critical temperature and the
remaining temperature-dependent property valuesnfethyl palmitate, methyl stearate, and
methyl oleate were found in the database maintaimgdhe Design Institute for Physical
Property Research (DIPPR) [41].

Much of the data for methyl linoleate and methypblenate were unavailable. Ciritical
temperature values were found from Ref. [79] ane BDProp program developed at the
University of lllinois at Urbana-Champaign [49,58Jas used to calculate vapor pressure,
density, heat of vaporization, and viscosity fogd@ two fuels. This program estimates average
biodiesel fuel properties based on a specified yhatster composition. For the present study,
the composition was set to 100% for the componemiterest. Until more information becomes
available, the thermal conductivity, specific heatd diffusivity of methyl oleate were used for
methyl linoleate and methyl linolenate. It is aipgated that the similar structure of the

unsaturated species makes methyl oleate’s propeiigemost representative of the missing data.
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Table 4-1: Physical properties required by the KIBMC model

Reference

p C16:0, | C18:2,

roperty C18:0, | C18:3

C18:1

Molecular mass [28]
Liquid density [79]
Heat of formation [79]
Critical temperature [41] [79]
Latent heat of vaporization [41] [49]
Vapor pressure [41] [49]
Liquid specific heat [41] [49]
Surface tension [41] [49]
Liquid viscosity [41] [49]
Vapor thermal conductivity [41] *
Liquid thermal conductivity [41] *
Vapor diffusivity [41] *

*use methyl oleate properties

The physical properties of the five componentssamalar in comparison to each other.
However, some of the key properties of the biodieseponents are drastically different from
those of diesel. Figure 4-1 compares the denkifyid viscosity, vapor pressure, and surface
tension of the five biodiesel components and tetrade (G4H3g), a surrogate commonly used to
represent diesel fuel properties in single-compodassel simulations. It is seen that biodiesel's
liquid viscosity and surface tension are higher trevapor pressure is much lower, which can
lead to less spray break-up and poor evaporatiorpaced to diesel. These properties, coupled
with the high density of the fuel components, axpeeted to produce long liquid spray tip
penetrations and potentially a significant amounwall wetting in engine cases. The remaining

physical properties listed in Table 4-1 are comgdoctetradecane in Appendix A.
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Figure 4-1: Physical property comparison for praps that greatly affect liquid penetration

A generic fuel composition was used with a singteptet model [80] to create the
distillation curve seen in Figure 4-2. The boilipgint temperatures of the five biodiesel fuel
components are shown to the right of the curve whbir respective simulated mass
contribution. The simulation results are shown pared to experimental soy biodiesel
distillation curves from Fisher et al. [81] and awercial soy biodiesel fuel of unknown
composition from Ott and Bruno [82]. It should hated that the boiling temperatures of these

components are within 50K, which results in a neadrizontal curve. Fisher et al. estimated
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the composition of their biodiesel, and that conijpms was used in the simulation. The
composition of the commercial biodiesel fuel was meported. The slight discrepancy between
the model and literature is attributed to high roalar mass hydrocarbon species (i.e., higher
boiling points) that may be present in the real.fu@urrently the biodiesel model only considers
the five methyl esters mentioned previously andenoh their boiling temperatures is high
enough to improve the predicted distillation to chathe experiments. Additional species may

be included in the fuel surrogate in future studdeesatch the high temperature region.
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Figure 4-2: Comparison of simulated and experimlesay-based biodiesel distillation curves

In addition to the physical properties, it is alsmportant to provide accurate
thermodynamic data for each component to ensurpeprestimates of enthalpy, entropy and
specific heat. Researchers at the University deds in France [83] have calculated the
necessary thermodynamic data for common fatty amthyl esters (FAME) and conveniently
tabulated the data in NASA format. This data wppliad in the biodiesel mechanism and
assigned to generic fuel species in the mecharhamatill later be linked to the two fuel species

for chemistry. The heat of formation from thisalatas used to calculate the lower heating value
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(LHV) of the fuel surrogate using the methyl estemposition reported in Ref. [84]. The paper

reported a value of 37.4 MJ/kg and the model ptedia similar value of 37.7 MJ/kg.

4.2 Connecting Physical Properties to Chemistry

Fuel spray and vaporization processes are modele&IVA. Once a threshold
temperature is reached (e.g., 600K), CHEMKIN idechnd the vaporized fuel begins to react.
For single-component fuels, KIVA would read the mmmusm and connect the property
surrogate to its appropriate chemistry surrogateHEMKIN. Unless otherwise specified, heat
of formation values used to calculate the enerdgase in KIVA would come from the
thermodynamic data provided by the mechanism. tif@icurrent multi-component simulations,
five property surrogates and two chemistry surregare used to represent biodiesel. Since the
number of property surrogates exceeds the chensgtrggates, and it was necessary to add five
“dummy” species to the mechanism. These speciesotigarticipate in any reactions; they
simply make it possible to initially transfer appriate thermodynamic data to the property
species in KIVA.

Figure 4-3 depicts the relationship between thgsighl properties used by KIVA and
the chemical species in CHEMKIN. The fuel preféialy vaporizes into five dummy species
(mpalm, mstear, molea, mlinl, and mlinin) accordinghe physical properties assigned to each
surrogate. The two saturated species, mpalm aneamsre assigned to MD in CHEMKIN,
while the unsaturated species react as MD9D. CHBEMperforms the appropriate chemical

reactions, and calculates new species producties,rthen species concentrations are updated to
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KIVA. Any remaining MD and MD9D species are diveldack into their corresponding

property surrogates in the proportions specifiedheyr initial mass fractions.
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Figure 4-3: Pictorial description of connectiorivibeen physical properties and chemistry in
multi-component KIVA simulations for biodiesel fuel

4.3 Spray Validation

4.3.1 Constant Volume Liquid Length

The next step in the model development was to agbesspray characteristics of the
fuel. Higgins et al. [85] studied the effect ofygical properties on the liquid-phase penetration
of several fuels. Experimental liquid penetratisas measured in the constant volume spray
chamber at Sandia National Laboratories (see R6J) [using Mie-scattering. Figure 4-4
displays the experimental apparatus and the gretl us the simulation. The sprays were

assumed to be axisymmetric, and the constant vokpngy chamber was reproduced for the
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simulations using a 2-D sector representing hathefspray chamber. Figure 4-4(a) includes a
dashed outline indicating the computational gridrimary and Figure 4-4(b) has a dot located in

the position of the simulated injector.

Spark Plug

Pressure
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r Fuel
l Injector
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Combustion
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Sapphire
Window
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Figure 4-4: (a) Sandia constant volume spray chaf@a and (b) the 2-D axisymmetric
computational grid used in the simulation

As shown in Table 4-2, the biodiesel fuel was ts&¢ four densities and four
temperatures that are representative of condittees in diesel engine operation. These were
non-reacting experiments and an inert gas mixtuas wresent in the cylinder prior to fuel
injection. The injector orifice diameter, dischargoefficient, and the injection duration were
also given. The fuel composition was not measurdte experiments and the authors assumed
the following mass-fraction distribution for theworrelation: 12% C16:0, 5% C18:0, 25%
C18:1, 52% C18:2, and 6% C18:3. This compositi@s \&lso applied in these simulations.
Assuming an ideal gas, the known density and gapéeature were used to calculate the initial
pressure for the simulations. A simple top-hagdtipn profile was assumed, and the injector
characteristics and duration were used with thé @emsity to determine the mass of fuel

injected.
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Table 4-2: Operating conditions and relevant dmations for the constant volume liquid
length experiments of Higgins et al. [85]

Apparatus Constant volume spray chamber
Gas mixture composition (mole fraction) | 89.7% N, 6.5% CQ, 3.8% HO
Gas temperatures 800, 900, 1000, 1100 K

Gas density 7.3, 14.8, 30.0, 45.0 kgfn
Injector orifice diameter 246pum

Discharge coefficient 0.78

Injection duration 5.0 ms

The initial biodiesel spray simulations used the-RH spray constants originally applied
in diesel spray cases. It was found that the stiarls were able to capture the trend of
increased penetration with decreased ambient genditowever, liquid length was under-
predicted for most conditions and the simulatiomsesnot able to capture the appropriate trend

with varying temperature.
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Figure 4-5. Comparison of constant volume liq@iddth measurements of Higgins et al. [85]
(symbols) and predictions from KIVA simulations ngistandard KH-RT spray constants (lines)
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The KH-RT spray constants are adjustable for dffer injectors and engine
configurations. To assess the model’s sensitiatthe parameters, the constants were changed
by a factor of two and liquid length was recalcetht Figure 4-6-Figure 4-8 compare the liquid
length of the experiments (symbols) to those ptediausing the original (solid lines) and
adjusted (dashed lines) spray constants. FiguBe démonstrates the effect of the spray
parameter B(cnst22) in Equation (14). Decreasing from thtadk value of 40 to 20 caused a
shorter primary breakup time, giving less time tboplets to grow. The smaller droplets
vaporize sooner, which decreases the liquid leogtr the range of temperatures. Increasing

cnst22 has an inconsistent effect on the liquidtlerfior these conditions.

Biodiesel Biodiesel
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Figure 4-6: Effect of (a) decreasing and (b) iasiag the KH breakup time constant (“cnst22”)
by a factor of two

The G (distant) parameter seen in Figure 4-7 determtimegransition point between the
KH primary breakup and the RT secondary breakupmegy This parameter has a drastic effect

on both the liquid length and the temperature déeece. The shorter distant value causes
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secondary breakup to be achieved sooner. Thisratdts in a significant reduction in liquid
length with increased temperature, suggesting tti@atemperature dependence of the breakup
model is mostly a function of the RT breakup regimEghe longer distant value improves the

penetration at lower temperatures, but nearly elitgs the temperature dependence.
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Figure 4-7: Effect of (a) decreasing and (b) iasieg the breakup length constant (“distant”) by
a factor of two

Figure 4-8 shows the effect of the{C(cnst3rt) in Equation (17). The smaller value
causes smaller droplet radii once the seconda@akhbperegime is reached. The smaller droplets
easily vaporize causing decreased liquid penetratimcreasing cnst3rt consistently increases

the liquid length across the entire temperaturgean
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Figure 4-8: Effect of (a) decreasing and (b) iasiag the RT breakup size constant (“cnst3rt”)
by a factor of two

Using the sensitivity analysis as a guide, a w@a-error method was used to find a
combination of spray constant values that gave gheatest improvement to the liquid
penetration predictions over the range of tempegatand densities. The smallest overall error
occurred when distant remained at the standarcé\vald.9, while both the KH and RT constants
were doubled. As shown in Figure 4-9, the liq@iddth is improved for most conditions, though
still under-predicted for the low density cases.islexpected that a closer agreement could be
reached by expanding the sensitivity limit beyorfdaor of two, but an exact match was not the

goal of this comparison.
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Figure 4-9: Comparison of constant volume liq@ddth measurements of Higgins et al. [85]
(symbols) and predictions from KIVA simulations ngistandard (solid) and new (dashed)
KH RT spray constants

4.3.2 Constant Volume Liquid Length, Compositiffiedts

The liquid length prediction for a fuel is compasit-dependent. It was of interest to see
the effect that various biodiesel compositions wobbve on liquid length. First, single-
component simulations were performed to determireeliuid lengths predicted by individual
biodiesel components. Standard KH-RT spray cohstalues were used in this comparison.
Figure 4-10 compares the components at the 7.3%afmbient density condition. A similar

trend was observed at all densities.
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Figure 4-10: Liquid length predictions for indival biodiesel components at the ambient
density condition of 7.3 kg/fn

The differences observed between components cattitguted to the properties shown
previously in Figure 4-1. Methyl palmitate has tiighest vapor pressure, lowest density and
lowest surface tension, and as a result, has theesh liquid penetration. Methyl stearate and
methyl oleate have similar vapor pressures, buhyhetearate has slightly higher density and
viscosity, allowing it to penetrate further. MekHynoleate and methyl linolenate have the
highest densities and surface tensions, and theslowapor pressures. The higher density of
methyl linolenate gives it the longest liquid lemgt

The next test compared the compositions of commodidsels from three separate
feedstocks [86]. Spray experiments by Fisher .gfBal] suggest that for multi-component fuels
the liquid penetration is controlled by the leastatile components. Figure 4-11 illustrates the
impact that feedstock has on the fuel compositidime fuels are listed in order of increased

proportion of methyl linoleate and methyl linoleadthe least volatile components).
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Figure 4-11: Composition of biodiesel fuels frometh different feedstocks: (a) palm,
(b) rapeseed, and (c) soy

Figure 4-12 shows the composition effect on ligpghetration. The highest density
conditions resulted in very similar liquid lengtle)d the 45 kg/fhcases were not included to
improve clarity of the figure. The multi-componeiouid lengths are consistent with the single-
component predictions in Figure 4-10. Palm metster (PME100) has the lowest methyl
linoleate/linolenate content (12%) and penetradteslieéast. Rapeseed methyl ester (RME100)
and soy methyl ester (SME100) contain 31% and 63%he low-volatility components,

respectively, giving SME the longest liquid length.
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Figure 4-12: Comparison of liquid length prediosdor biodiesel fuels from different
feedstocks
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4.3.3 Unsteady Spray Liquid Lengths

The constant volume results are valuable, but glesimaximum liquid length value does
not account for the rate of fuel injected and hawickly or slowly it penetrates in-cylinder.
Fisher et al. [81] performed unsteady spray expamis in the Sandia Compression-Ignition
Optical Research Engine (SCORE). In the experimehtuid penetration lengths were
measured for soy methyl ester (SME) biodiesel figdcted into time-varying in-cylinder
conditions. The effect of injection pressure, ketananifold pressure, and injection timing were
considered. Table 4-3 and Table 4-4 show the aelkeengine and fuel injection system
specifications, respectively. Table 4-5 contains &ngine operating conditions for the spray
cases. Injection rate profiles were provided dredftiel mass was calculated by integrating the

injection rate curves for each case.

Table 4-3: Engine specifications for the SCORE

Engine type Single-cylinder CAT 3176
Cycle Four-stroke CIDI
Bore x Stroke 125 mm x 140 mm
IvVC -153 aTDC

EVO 116° aTDC
Connecting rod length 225 mm

Piston bowl diameter 90 mm

Piston bowl depth 16.4 mm

Squish height 1.5 mm

Swirl ratio 0.59
Displacement 1.72 L
Compression ratio (geo.) |12.3:1
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Table 4-4: Fuel-injection system specificationstfe SCORE

Injector type CAT HEUI A

Injector model HIA-450

Nozzle style Single-guided
VCO

Hole pattern 2 x0.108 mm

Included spray angle 140

Max. fuel injection pressure | 71 MPa, 142 MPa

Pressure intensification ratio | 6.85:1

Table 4-5: Engine operating conditions for unsye8@ORE spray experiments

Engine speed 1500 rev/min

Intake mixture 4.0% Q, 1.5% CQ, 94.5% N
Coolant temperature 80°C

Intake manifold temperature | 116°C (69°C simulated)
Intake manifold pressure 1.65 bar, 2.48 bar

Start of injection -50° to +10° aTDC

Duration of injection ~4.5 ms (~41 CAD)

The standard KH-RT spray breakup constants werkeapp an initial simulation of the
baseline case with low boost pressure, low injectwessure and the earliest SOI timing
(Ppoos=1.65bar, B=71MPa, and SOI=-54TDC). The results are shown in Figure 4-13, where
the horizontal line indicates the field-of-view linin the experiment. The simulation captures
the trend of an initial steep rise in penetratiotipwed by a decrease as the compression stroke
increases in-cylinder pressure and density. Thgnmade of the liquid length is under-
predicted, which is consistent with the constantime results shown previously. At this early
injection timing, the peak liquid length occurs idigr the first five crank angle degrees and the

initial large discrepancy carries through the t#ghe injection period.
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Figure 4-13: Prediction of liquid length for thesletine unsteady SCORE spray case; simulations
use original KH-RT spray breakup constants

First, the discharge coefficient was investigatedée if allowing more fuel to exit the
nozzle (larger discharge coefficient) would inceedise initial liquid length prediction. Figure
4-14 shows that the overall penetration increabgitly, but the discharge coefficient does not

impact the initial injection period.

Experiment, low Pinj, low boost, early SOI
6 4 — KIVA simulation, standard KH-RT, Cd=0.7
| = =KIVA simulation, standard KH-RT, Cd=0.8
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Figure 4-14: Effect of adjusting discharge coedint for the baseline unsteady SCORE spray
case; simulations use original KH-RT spray breasmpstants
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Figure 4-15 shows the result of applying the spgregakup constants identified in the
constant volume simulations discussed previouslyiquid length is increased similar to
adjusting the discharge coefficient. However, ¢hessults suggest that a different set of spray

breakup constants may be required for the unsteianylations.

Experiment, low Pinj, low boost, early SOI
| KIVA simulation, standard KH-RT
=== KIVA simulation, KH-RT from Higgins tests
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Figure 4-15: Comparison of liquid length prediosausing standard (light grey, solid) KH-RT
spray breakup constants and new (dashed) congientsfied in the constant volume
simulations.

A breakup constant sensitivity analysis was peréanfor the unsteady spray cases as
was done for the constant volume cases. As disgdlay Figure 4-16, only the breakup length
(distant) has a significant effect on the liquiddéh for these cases. Increasing distant alloes th
simulation to remain in the primary KH breakup stdgnger, where the large “blob” indicative
of this regime can quickly penetrate. In factjsitclear from Figure 4-16(c) that the distinct
change in model’s liquid length prediction obsenadund -48 aTDC is indicative of the

transition between KH and RT break-up in the model.
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Figure 4-16: Effect of adjusting the (a) KH timenstant, cnst22, (b) RT size constant, cnst3rt,
and (c) breakup length, distant

The breakup length was then increased to achieee appropriate early liquid
penetration. From Figure 4-17 it is clear thateakup length greater than 4.5 is required to keep
the spray in primary breakup to achieve the apmatgmaximum liquid penetration. This large
value, however, causes the rest of the injectisiogdo be over-predicted. Once the maximum

is reached, the secondary RT breakup then neegsottuce smaller droplets that are more
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susceptible to vaporization. Figure 4-18 confirtims theory requiring a new RT breakup size

constant that was one-quarter its standard value.

Experiment, low Pinj, low boost, early SOI
= =KIVA simulation, distant=1.9
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Figure 4-17: Effect of increasing breakup lengtistant) for the baseline unsteady SCORE

spray case; the KH-RT spray breakup constants 2a8@ cnst3rt=0.2 from the constant
volume tests.
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Figure 4-18: Effect of reducing RT breakup sizes(8rt) for the baseline unsteady SCORE
spray case; the remaining KH-RT spray breakup emtstare cnst22=80, distant=4.5.
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These new constants were applied over the remainmgjeady tests covering the
changing injection pressure, boost pressure and tl@mgs. Figure 4-19 shows the liquid
length comparisons for different injection timingislow injection and low boost pressures. The
magnitudes of the liquid length predictions matoh éxperiments well and the simulation is able
to capture the effect of delayed injection timin§imilar agreement is seen at the higher boost

and injection pressures as well. Those resultslawe/n in Figure A-3 of Appendix A.
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Figure 4-19: Liquid lengths predicted for unste&ORE spray cases;,;B71 MPa and
Phoos=1.86 bar; uses spray break-up constants: cns@2n8t3rt=0.025, and distant=4.5

Figure 4-20 and Figure 4-21 show the effect of bposssure at the early SOI timing and
low and high injection pressures, respectivelyart Pa) of each figure shows the effect of the
experiments and part (b) shows the simulation tesulhe simulations capture the trends well,
with increased boost pressure reducing the ligemyth compared to the low boost condition.
The experiments and the simulations found thairtjeetion pressure had very little effect on the

liquid length. These results are shown in Figuré @and Figure A-5 of the Appendix.
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Figure 4-20: Boost pressure effect on liquid l&ésgia) measured and (b) predicted for unsteady
SCORE spray cases af£71 MPa and SOI=-3aTDC; uses spray break-up constants:
cnst22=80, cnst3rt=0.025, and distant=4.5
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Figure 4-21: Boost pressure effect on liquid l&ésgia) measured and (b) predicted for unsteady
SCORE spray cases a}2142 MPa and SOI=-88TDC; uses spray break-up constants:
cnst22=80, cnst3rt=0.025, and distant=4.5
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A very large breakup length was required to achtbediquid length magnitude for these
unsteady cases. Unfortunately, the same breakugthlecannot be applied to the constant
volume conditions, as shown in Figure 4-22. Thesellts suggest that there is not one set of
optimal spray parameters applicable to all simafatonditions. Instead, the values should be
can be adjusted, using the results of this se@sa guide, for the injector and piston geometry
used in a particular case. The SCORE is a relgtiaege engine with a large nozzle orifice, and
it is expected that the spray will penetrate venyim a short period of time. However, an engine
with a smaller bore would certainly require a seratlistant value to ensure that the RT break-up
regime is initiated before impingement. For thenaening simulations, unless otherwise

specified, the standard KH-RT constants were agplie
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Figure 4-22: Constant volume penetration prednsticompared to spray experiments of Higgins
et al. [85]; uses KH-RT spray constants identifirednsteady simulations: cnst22=80,
cnst3rt=0.025, distant=4.5
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Chapter 5: Engine Validation

5.1 Conventional Combustion

The biodiesel model was applied to engine simutatiand compared to experimental
data to test its performance. The experiment ahdsethis work [63] was the same used to
validate previous biodiesel combustion models [6]L,6The experiments were performed in the
SCORE operating under a conventional diesel cormustrategy, with injection near top dead
center (TDC) and zero EGR. Four low-speed, higltHlaconditions were tested. The
computational grid, seen in Figure 5-1, containiedua 13200 cells that were 3 mm in the radial

direction.

Figure 5-1: SCORE grid used in conventional cortibnsimulations

Table 5-1 shows the operating conditions and relieeagine parameters. An injection
rate profile from a previous SCORE experiment wasduto estimate profiles for the given

injection durations [87].
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Table 5-1: Experimental operating conditions angime specifications for conventional
combustion cases [63]

Parameter Value

Engine type Single-cylinder CAT 3176
Bore x stroke 125mm x 140 mm

IvVC -153 aTDC

EVO 116 aTDC

Connecting rod length 225 mm
Piston bowl diameter| 90 mm

Piston bowl depth 16.4 mm

Swirl ratio 0.59
Displacement 1.72 L
Compression ratio 11.3:1

Engine speed 800 rev/min
Time of injection -1.§aTDC

Intake air pressure 2.3 bar

Engine loads 10-16 bar gIMEP
EGR None

Pressure and heat release rate were compared texpgaiments for the four load
conditions and the profiles are shown in Figure 5FRe simulations and experiments were well
matched for all the cases, which indicate a googresentation of biodiesel spray and

combustion for these conditions.
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Figure 5-2: Pressure and heat release rate Jvalidfar the four loads: (a) 10bar IMEP,
(b) 12 bar IMEP, (c) 14 bar IMEP, (d) 16 bar IMEP

NOx was also measured at each load condition. ,HD is the combination of the NO
and NQ species. Figure 5-3 compares the experimental M@asurement and that predicted
by the current and previous ERC biodiesel moddlse triangles represent the previous model
of Brakora et al. [61], which used a single-compuneiixture of methyl butanoate and

n-heptane to represent the fuel chemistry. Theesrrepresent the current multi-component
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model described in this work. The current modgirioves the magnitude of the NOx prediction
and more effectively captures the trend of decrnggliOx with increased load.
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Figure 5-3: NOx (as NO+N{pcomparison between the experiment, the previd¥aAK
biodiesel model (triangles) [61], and the currei¥ K biodiesel model (circles)

In order to gain a better understanding of the N@rd observed with increasing load,
the temperature and NOx histories were investigasadg the current model. The average in-
cylinder temperature was highest for the highestd lgondition, and the peak temperatures
remained high as a result of the high fueling amjlfuel injection duration adding energy later
in the cycle. One would expect the higher tempeestto lead to higher NOx. However, NOx
is lowest for that condition due to the late endrpéction timing and its effect on the local
oxygen concentrations, as described next.

Figure 5-4 shows that near28TDC, the low load condition finishes injectingdaiine

energy release and,@redictions of the four load cases begin to digerdnjections for the
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higher load conditions continue, and the fuel ottatareleases more energy and decreases the

amount of oxygen available for NOx formation.
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Figure 5-4: Comparison of (a) accumulated heatassd and (b) oxygen mass for each load
condition
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In-cylinder images were generated to compare the B oxygen mole fractions for
each of the conditions. Figure 5-5 shows thatO8talTDC the oxygen and NOx distributions
look very similar for each load condition. By°30rDC, the oxygen and NOx distributions for
each load are distinctly different. It can be sH@t the areas of low oxygen correspond to the
region of the spray where fuel oxidation occurOxNormation also occurs in this region due to
the high temperatures. These images confirmithiiiie later crank angles, the higher load cases

have less oxygen available in this region and tohezelower NOX.
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Figure 5-5: In-cylinder oxygen and NOXx distributsofor each load condition at (a)°10rDC
and (b) 30° aTDC
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The improved NOx trend observed with the curreny Kbbiodiesel model indicates that
it provides a more realistic distribution of in-mder Q for each load condition. Figure 5-6
compares the oxygen distribution between the ctf@nand previous (b) biodiesel models and
it is seen there is a distinct difference inaailability between loads in the current modédijles
very little difference is seen between loads fa grevious model. This oxygen distribution
improvement is likely the combined result of moealistic spray and vaporization, as well as

more representative fuel chemistry.
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Figure 5-6: Comparison of the oxygen distributioneach load in the (a) current and
(b) previous biodiesel models

5.2 Preliminary Low-Temperature Combustion

Tran [88] investigated the effects of biodiesel low temperature combustion (LTC)
using a light-duty diesel engine at a low-load aigh-speed conditions. The engine is a single-
cylinder version of the GM 1.9L production engingpecifications are listed in Table 5-2. The
computational grid for the simulations, shown irblEa5-2, consists of 10470 cells that average

1.5 cm in the radial direction.

Table 5-2: Engine specifications used for LTC sase

Parameter Value

Engine type GM 1.9L

Bore x stroke 82 mm x 90.4 mm
IVC -132°aTDC

EVO 112°aTDC

Swirl ratio 2.2

Displacement 0.474 L

CR 16.6:1
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Figure 5-7: Computational grid for GM 1.9L engine

Two biodiesel fuels, soy methyl ester (SME) andrpatethyl ester (PME), were tested
as blends (B20) and compared to diesel fuel. Dyensethyl ester was also compared as B100.
Over a range of injection timings, the experimefoisnd that the biodiesel blends generally
showed little change in CO, but improved HC, NORrRd amoke emissions compared to the
diesel fuel. These LTC experiments were perforraed load of 5.5 bar nIMEP, speed of
2000 rpm, and an inletLZoncentration of 9.5% (~67% EGR). These were idehtonditions
to those performed by Opat et al. [19] and Ko@lef20,89] when they investigated fuel effects

in the same engine. Other relevant operating ¢tiomdi are shown in Table 5-3.

Table 5-3: Engine operating conditions for LTC sase

Parameter Value

Engine speed 2000 rpm

Engine load 5.5 bar nIMEP
SOl -40 to -22° aTDC
EGR ~67%

Fuel type Diesel, SME, PME
Intake temperature | 65° C

Intake pressure 162 kPa abs




77
5.2.1 Diesel LTC

Previously, Ra et al. successfully simulated thgeexnents of Opat et al. [19] and Koci

et al. [89] for diesel fuel, and the first step iageproduce the similar diesel combustion cases

of Tran’s experiments [88]. The author providedstgorocessed results, which included

pressure, heat release rate, and emissions ressiltgell as specific input conditions (e.g., fuel
mass) for start of injection (SOI) timings of 24 -22 aTDC in two degree increments. Also
included were injection rate shapes for diesel aeat biodiesel fuels for a range of injection
pressures and durations. The diesel indicatedtidosawere around 6Q@s for all injection
timings.

Figure 5-8 below shows the given experimental imgecrate profiles for two indicated
injection durations and the two injection commané®r diesel fuel and this injector, there is a
374 us delay between the injection command and the bstad of injection. In addition, the

injection event lasts longer than the indicatecatians as the nozzle closes.
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Figure 5-8: Experimental injection rate profiles fbesel fuel at two indicated injection
durations (60Qus and 80Qus) for the GM engine



78

The 800us profile was used to create the injection prdblesimulating each SOI timing
case. The rising and falling slopes of the expental profile were maintained, while the peak
rate and duration were adjusted until the integrat®file matched the given fuel mass for each
case. Figure 5-9 gives example profiles for tH&,-BF, and -22 SOI timing diesel fuel cases.
The indicated durations for these three cases ®@8e 592, and 583, respectively. The fuel
masses, indicated durations, and actual (i.e.,labed) durations for all cases are given in Table

5-4.

50 - Experiment, 800us Diesel
| = =SO0I=-36deg, 603us
SOI=-30deg, 592us
- 404 — .. sOI=-22deg, 583us
3 |
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Figure 5-9: Rate of injection profiles for three ISitnings using diesel fuel
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Table 5-4: Rate of injection information used éaich diesel fuel LTC case

SOl Fuel Indicated Calculated | Indicated Calculated
Timing Mass Duration  Duration | Duration  Duration
(°aTDC) (mg) (ks) (s) (CAD) (CAD)
-40 15.40 616 849 7.37 10.15
-38 14.87 611 831 7.31 9.94
-36 14.75 603 825 7.21 9.86
-34 14.37 599 813 7.16 9.72
-32 14.02 594 807 7.10 9.65
-30 13.83 592 801 7.08 9.58
-28 14.02 590 807 7.06 9.65
-26 13.64 589 795 7.04 9.50
-24 13.14 585 777 7.00 9.29
-22 13.05 583 771 6.97 9.22

The target EGR rate was 67% and the experimentsidew the specific EGR

percentages used in each case.

These values tidcoount for residual mass trapped

in-cylinder following IVC. The output did includen estimate of the residual mass, and this was

added to the exhausted species to calculate arhigB& percent. For each SOI timing

simulation, an EGR percent within the range ofghven and adjusted values was chosen to best

capture the experimental performance. Table 5e%iges the initial IVC pressures provided by

the experiments, IVC temperatures estimated usmwigtrppic compression and adjusted as

needed to match ignition timing, and EGR percems were used in the simulations.
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Table 5-5: Initial conditions for diesel fuel LT€dmulations

SOl IvVC IvC EGR
Timing Pressure Temperature Percent
(°aTDC) (bar) (K) (%)
-36 1.919 355 73
-34 1.915 360 70
-32 1.909 355 69
-30 1.912 360 69
-28 1.917 360 69
-26 1.918 360 70
-24 1.909 360 70
-22 1.909 360 70

Initial simulations revealed two mechanism concdorsdiesel combustion. First, the
n-heptane portion of the ERC-MultiChem base medmrnwas intended to be one of multiple
components of diesel, instead of a single-composenbgate for diesel fuel. As a result, the
mechanism’s author adjusted the n-heptane readiorepresent real n-heptane fuel, which led
to delayed ignition in these single-component dieseulations. A previous ERC-PRF
mechanism developed by Ra et al. [90] was desigmede iso-octane and n-heptane species as
single-component surrogates for gasoline and diesgpectively. The n-heptane reaction rate
parameters from that PRF mechanism were appligtianMultiChem mechanism for single-
component diesel simulation. Figure 5-10 showseffect that these rate constant changes have

on the pressure and heat release for an SOl tiofirg(® aTDC.
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Figure 5-10: Effect of n-heptane rate constanigtdjents to represent single-component diesel
fuel

A second adjustment was also needed to furtherawepthe pressure and heat release
rate predictions of the diesel simulations. It vi@snd that several lower-level reactions were
added to the PRF mechanism when developing thei®hdm mechanism. Among them, the
pressure-dependerh3o(+m)=ch20+h(+m) reaction had a significant effect on the energy
release, causing a drastic spike in pressure agdrélease rate. This reaction was important for
the biodiesel portion of the mechanism, and the rminstant was reduced by two orders of
magnitude instead of removing it. This was thegdat reduction possible, without greatly
impacting the MD and MD9D ignition timings. Figutell displays the effect of reducing the

rate constant.
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Figure 5-11: Effect of reducing tled3o(+m)=ch2o+h(+m)rate constant by two orders of
magnitude to improve single-component n-heptanebcston

Once the chemistry issues were resolved, simukafimnthe sweep of diesel SOI timings
successfully reproduced the experiments in termu@lf consumption and emissions. Figure
5-12 shows the pressure and heat release ratectwedifor three representative SOI timings.
Similar agreement is seen for the 236 -22 cases and the individual results are found in

Appendix A.
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Figure 5-12: Pressure and heat release rate ficegidor the diesel SOI timings of -3626
and -22 aTDC
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Previous simulations of the work by Opat et al.][8lped identify a “sweet spot” for
reduced CO that occurs for SOI timings nea®a&8@®C. At this point, the injection angle is
such that the fuel penetrates to the piston pip @adis formed with access to the oxygen
available in both the squish and bowl regions. uFégs-13 shows good agreement between the
experimental emissions and fuel consumption resit$ those predicted by the simulations,

including the subtle CO “sweet spot” around®-&0DC.
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Figure 5-13: Emissions and fuel consumption ferdresel SOI timings of -36o -22 aTDC

The results for the SOI timings of -48nd -38 aTDC were not included in the results.

The simulations were not able to capture the apatep energy release without significant

adjustment to the initial conditions. The pressamd heat release rate shown in Figure 5-14 are
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for the -4G aTDC SOl timing using the maximum EGR percent alsutated using the given
EGR rate and the residual mass. Despite the loygerxavailability, the fuel is too reactive and

the energy release is very over-predicted.
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Figure 5-14: Impact of excessively vaporized fuelpressure and heat release fof aflDC
SOl timing

In the experiments, the early SOI timings had nedy high fuel consumption values.
The work of Opat et al. [19] and Koci et al. [20,88dicate that a significant amount of fuel
impinges on the piston for these timings, which ncayntribute to reduced vaporization and
combustion efficiency. Figure 5-15(a) shows thatnass of fuel in the experiment increased as
SOl advanced, which could indicate that more fua$wnjected to achieve the desired load and
overcome the fuel trapped on the piston. Impingeni® confirmed for the -40aTDC SOI
timing simulation in Figure 5-15(b). However, dieghe impingement, the fuel becomes fully-

vaporized in the simulation and reacts very well.
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Figure 5-15: (a) Fuel injected, and (b) in-cylingew of spray impingement for the 48TDC
SOl timing

To prevent the excessive energy release, two methade tested and the results are
shown in Figure 5-16. The first test reduced tm@ant of fuel injected to match the average of
the diesel SOI cases (dotted line in Figure 5-35(@&his required a 10% reduction in fuel. The
reduced fueling successfully reduced the amoufiiefavailable to react, but the ISFC became
much lower than the experiments. Alternatively BEGR percent was increased from the 73%
with the reported residual mass to 77%, reduciregdkygen fraction to 0.73. This strategy
reduced the reactivity of the vaporized fuel anel pnessure and heat release are improved, but
the CO, and HC were much lower than the experimatigh eliminated the SOI timing trends.
Similar behavior was seen in early SOI timingsha biodiesel cases. Inconsistencies with wall
impingement and vaporization from the wall were dred the scope of this work and for the

present study, the earliest SOI timing cases wetplg not included.
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Figure 5-16: Effect of reducing the amount of fungected (dash-dot) and increasing the EGR
(dot) for the -40 aTDC SOl timing

5.2.2 Preliminary LTC for Neat and Blended Biodies

The experiments included neat soy methyl esteriéset! denoted SME100, and 20%
biodiesel blends for both soy and palm methyl estgenoted SME20 and PME20, respectively.
The biodiesel cases included additional SOI timitgs for the sake of comparison, simulations
were only performed for the same timings as thealie TC experiments. The experiments
provided mass-based compositions for the neat SMERME fuels that included 17 species.
For computation purposes, the species were bimtedyroups of the five main biodiesel methyl
esters. Table A-5 in the Appendix shows the expenital composition, as well as the binned
and normalized composition values used in the gitiaris. For the neat biodiesel simulations,
the SME mass fractions shown in Table 5-6 werectlirapplied to represent the five physical

property components.
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Table 5-6: Mass fraction composition applied ind_3imulations for SME100

Property Composition
Species SME
m. palmitate 0.1189
m. stearate 0.0459
m. oleate 0.2384
m. linoleate 0.5185
m. linolenate 0.0783

The biodiesel blend simulations use six compongntepresent the physical properties.
A mass-averaged density was calculated for B100 aamdixture of 20% biodiesel and 80%
diesel (as tetradecane) by volume was used tordgterthe mass fractions. Table 5-7 shows the

physical property composition applied in the siniolas for the two biodiesel blends.

Table 5-7: Mass fraction composition applied ialppninary LTC simulations for B20 blends

Property Composition
Species SME PME
m. palmitateg  0.0267 0.0984

m. stearate 0.0103 0.0109
m. oleate] 0.0535 0.0881

m. linoleate| 0.1164 0.0246
m. linolenate] 0.0176 0.0013
tetradecane 0.7756 0.7768

Figure 5-17 shows that for a given experimentaéatipn duration, the biodiesel had a
similar profile shape as that of the diesel fuebugh the biodiesel injections exhibited a slightly
longer delay (40Qus) between command and actual SOI. The SOI timiag delayed in the

simulations to reflect the actual time that fugéated in the experiments.
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Figure 5-17: Comparison of biodiesel and diesdlifyjection profiles as provided by the
experiments of Tran [88]

As was done in the diesel cases, the peak andialurat the biodiesel profiles were
adjusted until the integrated fuel mass matchet gpacified by the experiments. While the
injection profiles for the two fuels fuel were slar the biodiesel cases required more fuel than
diesel, resulting in longer injection durations.able 5-8 provides the fuel mass, indicated
duration, and actual (i.e., simulated) duration dach simulated SOI timing case. The diesel
injection profile was used as the baseline for B2® fuels, but the fuel mass and duration
differed for each blend. Table 5-9 and Table 3i40the rate of injection information for the

SME20 and PME20 blends.



Table 5-8: Rate of injection information used éach SME100 fuel LTC case

SOl Fuel Indicated Calculated | Indicated Calculated
Timing Mass Duration Duration Duration Duration
(°aTDC) (mg) (us) (us) (CAD) (CAD)
-40 19.78 686 981 8.20 11.74
-38 18.45 668 939 7.99 11.23
-36 17.70 655 915 7.83 10.94
-34 17.12 643 897 7.69 10.73
-32 16.35 634 873 7.58 10.44
-30 16.18 631 867 7.55 10.37
-28 16.36 630 873 7.53 10.44
-26 15.97 627 861 7.50 10.30
-24 16.06 625 867 7.47 10.37
-22 16.08 625 867 7.47 10.37

Table 5-9: Rate of injection information used fack SME20 fuel LTC case

SOl Fuel Indicated Calculated | Indicated Calculated
Timing Mass Duration Duration Duration Duration
(°aTDC) (mg) (us) (us) (CAD) (CAD)
-40 16.01 622 867 7.44 10.37
-38 15.86 616 861 7.37 10.30
-36 15.11 608 837 7.27 10.01
-34 14.78 600 831 7.17 9.94
-32 14.50 596 819 7.13 9.79
-30 14.57 596 819 7.13 9.79
-28 14.52 596 819 7.13 9.79
-26 14.30 593 813 7.09 9.72
-24 14.23 593 813 7.09 9.72
-22 14.06 588 807 7.03 9.65

Table 5-10: Rate of injection information used éach PMEZ20 fuel LTC case

SOl Fuel Indicated Calculated | Indicated Calculated
iming ass uration uration uration uration
Timi M D i D i D i D i
(°aTDC) (mg) (us) (us) (CAD) (CAD)
-40 16.23 622 873 7.44 10.44
-38 15.83 615 861 7.35 10.30
-36 15.24 607 843 7.26 10.08
-34 15.00 602 837 7.20 10.01
-32 14.58 597 825 7.14 9.86
-30 14.52 597 819 7.14 9.79
-28 14.42 593 819 7.09 9.79
-26 13.99 589 801 7.04 9.58
-24 14.10 588 807 7.03 9.65
-22 13.94 585 801 7.00 9.58

89
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Preliminary simulations were performed on the®-aUDC SOl timings for each fuel.
Figure 5-18 compares the B20 pressure and heaseelate predictions to the experimental
results. The ignition timing, pressure and hekgtase rate predictions are well-matched for these

two blends. This agreement was expected, sincajerity of the fuel is diesel.
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Figure 5-18: Preliminary pressure and heat relpasgictions for -30aTDC SOI timing using
(a) SME20 and (b) PME20 fuels

A neat biodiesel case was run to see how the stionlperformed with zero n-heptane in
the fuel composition. Figure 5-19 shows acceptapiéion timing, but an over-prediction of
first-stage, low-temperature heat release and pombustion following main ignition. Several
tests were performed to determine if proper combustould be achieved with improvements to

the physical or chemical properties.
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Figure 5-19: Preliminary pressure and heat relpasgictions for -3®aTDC SOI timing using
SME100 fuel

First, sweeps of IVC temperatures and EGR percestagre performed with the goal of
improving fuel reactivity. Figure 5-20(a) showsaththe increased temperatures advanced
ignition, but did not improve the combustion. Ieased oxygen availability shown in Figure
5-20(b) improved the main combustion, but advandgeition beyond what could be

realistically-controlled by reducing IVC temperatsr
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Figure 5-20: Effect of increased (a) IVC temperatand (b) @fraction in EGR for the
-30° aTDC SOl timing using SME100 fuel
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Finally, the properties were changed to tetraded@ieHso), the physical property
surrogate for diesel simulations, to assess whethaore-volatile set of fuel properties would
improve the vaporization and fuel reactivity. Ases in Figure 5-21, the combustion was
improved, but the excessive low-temperature cheynisersisted, confirming that chemistry

required further investigation.
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Figure 5-21: Small improvement in combustion perfance when biodiesel properties (dash-
dot) are replaced with tetradecane (dashed) fdraBDC SOI timing using SME100 fuel

The following chapter outlines shortcomings thatevielentified in the current biodiesel
kinetic mechanism. Improvements were made to teehamnism, including another reduction to
create a truly skeletal model, and a new strategybiodiesel chemistry is introduced to

overcome the limitations that exist with the cutnerethod.
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Chapter 6: Biodiesel Chemistry Improvements

6.1 Motivation for Chemistry Improvements

Since the initial LTC simulations performed welltivia large proportion of n-heptane,
the first step in investigating the biodiesel ch&nyi was to compare the ignition behavior of the
methyl esters to that of n-heptane. Figure 6-Yipes the ignition delay times for MD and
MD9D compared to the prediction of n-heptane ugimg ERC-MultiChem mechanism. The
n-heptane ignites much sooner, particularly atdkeer initial temperatures.

013 W LLNL Detailed Mechanism, MD
O LLNL Detailed Mechanism, MD9D

0.0 = ERC MultiChem Mechanism, n-Heptane
o)

1E-3 0

NS

1E-4

Ignition Delay Time (s)

1E-5

E6+——T T T T 7T T T "
07 08 09 10 11 12 13 14 15

1000/T (-)

Figure 6-1: Constant volume ignition delay timedictions using the LLNL detailed
mechanism for MD (squares) and MD9D (circles) drelERC-MultiChem for n-heptane (line)

The premixed nature of the early injection LTC saseade it possible to perform an
engine-specific chemistry investigation using Senkingle-zone HCCI simulations. This
strategy served two purposes: quick run-times (tkas 1 minute) and the homogeneity and
absence of a spray isolated the chemistry from ipalyproperty effects. Comparisons were

made to the -33aTDC SOl timing case using SME100 fuel at a uniflgrmixed equivalence
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ratio of 0.6. The initial pressure and temperatbah at IVC) were taken from the experimental
conditions. The simulations were adiabatic, résglin steep spikes in pressure compared to the
experiment. The heat release rates for theseesiuyie simulations werehemicalheat release
and not calculated from the pressure trace, asdaas in the experiment. As such, the single-
zone results were intended solely as a qualitativeparison to the experiment.

As shown in Figure 6-2, the n-heptane mechanisiiopeed relatively well compared to
the experiment considering the adiabatic HCCI cioonak of the simulation. The mechanism has
distinct low-temperature and main heat releasdsshduld be noted that n-heptane is shown
against a biodiesel experiment in Figure 6-2.slintended for qualitative comparison only to
demonstrate provide an example of the ignition bemaneeded to represent LTC biodiesel
combustion. Figure 6-3 displays the HCCI preditsiavhen MD and MD9D are individually
applied as biodiesel. Figure 6-3(a) shows that (d&sh) fuel in the reduced mechanism did not
ignite and the early-stage combustion of MD9D (ddst) fuel released as much energy as the

main combustion.

— GM-UW experiment, SME100 fuel
14 4= = ==HCCI simulation, n-Heptane fuel 4200

4175
4150
4125

4100

Pressure

3 75
450

125

Figure 6-2: Comparison of LTC experiment for283DC SOl timing case using SME100 fuel
and predictions using n-heptane fuel chemistrysingle-zone HCCI engine simulation
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Figure 6-3: Comparison of LTC experiment for283DC SOl timing and single-zone HCCI
engine simulation predictions using MD and MD9DlI fagemistry from the reduced mechanism

Chemkin-Pro was used to visualize the importanttreas that formed Hg OH, and
CO for n-heptane. The third most important reactiothe list wag2h5+02=c2h4+ho2 This
reaction was #8 for the MD fuel and #22 on the fiist MDOD. The n-heptane mechanism
includes a species that directly formgHg as one of the early decomposition steps through th
reactionc7h15-2=c2h5+c2h4+c3h6 This is not an elementary reaction and was ilkeftesult
of combining multiple reactions during developmaitthe n-heptane reaction mechanism.
Regardless of the origin, this reaction is keydorfing HGQ under these LTC conditions. In
contrast, the MD/MD9D mechanisms had to go throsg¥eral other pathways before reaching
that species. The mechanisms did include reacfmnS;Hs: c6h12-1=c3h5+c3h#or MD and
c6h10-15=c3h5+c3hSor MDOD. The GHs species contributed to,B8s and then H@ but
enhancing the reaction by two orders of magnitudendt improve the results.

In order to attain appropriate combustion for LT@deesel simulations, advanced

ignition delay times (more similar to n-heptaneading to Figure 6-1 and Figure 6-2) were
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required. With this in mind, there were two opsorDue to the reduced form of the mechanism,
it would be justified to radically adjust the ratenstants to make the MD/MD9D species more
representative of their real biodiesel methyl estdgnfortunately, at the time of this work, there

were no biodiesel ignition delay experiments (eshgck tube or rapid compression machine) to
validate those adjustments. The rate constantsl tmuadjusted to match the LTC experiments,
but the mechanism would then be restricted to tlaatow range of operating conditions. In

addition, there would be no way to isolate the dsemfrom the experiments from the physical

property effects.

Without another means of evaluating the ignitionageperformance, the detailed
mechanism was the only available baseline for aéitich. An initial concern was that important
low temperature reactions were removed during teehanism reduction process. The detailed
mechanism was applied in the HCCI engine simulatmriest that hypothesis. Figure 6-4

confirms that the ignition problems originated fréime detailed LLNL mechanism.
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Figure 6-4: Comparison of LTC experiment for283DC SOl timing and single-zone HCCI
engine simulation predictions using MD and MD9DlI fagemistry from the detailed mechanism
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Considering the poor performance of the detailedharism for the LTC simulations,
the MD/MD9D species were deemed inappropriate dwigtual biodiesel surrogates, but that
did not mean they were inappropriatecasnponent®f a surrogate biodiesel fuel. The second
option involved adjusting the MD/MD9D rate constards needed to match the detailed
mechanism, then including another species, namélgptane, as one of the biodiesel chemistry
components as a means of improving ignition peréoroe. This latter option was chosen and is

described in the following section.

6.2 New Strategy for Biodiesel Simulation Chemisyr

The strategy of including n-heptane as a surrof@atéiodiesel was first reported by
Brakora et al. [91] when a mixture of the smallichaethyl ester methyl butanoatestG0.),
termed “MB”, was combined with two moles of n-hepa The idea was to simulate the
relatively quick decomposition of the;{Gg methyl esters of real biodiesel in a single step a
depicted in Figure 6-5. This method more accuyatehresented the C/H/O ratio found in real
biodiesel methyl esters and the mechanism was tableproduce conventional combustion

ignition and performance, but was not able to capNOXx emissions trends.

A AVAVAVAVAVAVEA 4 > ANNANT /\/\/\"'/\/ﬁ\o/

ii
VAV AV WA N AV AV AV AN AW,

Figure 6-5: Previous biodiesel chemistry strategimg n-heptane and MB
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As mentioned previously, the methyl decanoate amdhyh9-decenoate mechanisms
soon replaced MB as the state-of-the-art biodissalogates. While the initial intent of in this
work was to use the MD/MD9D species alone, it stidaé¢ noted that the researchers at LLNL
who developed the detailed mechanisms includedptahe in their validation work against real
biodiesel fuels as well. In addition, researctedrshe University of Connecticut and Argonne
National Laboratory collaborated to create theindMD/MD9D reduced mechanism in parallel
to this work. They validated their mechanism usinguixture of 25% MD, 25% MD9D and
50% n-heptane, but did not indicate an approaclhdoounting for various fuel compositions.

In contrast to the MB work, the long chain lengthttte MD and MD9D methyl esters
allowed a single n-heptane to be applied for eaethyh ester species, as shown in Figure 6-6.
Using this strategy, B100 simulations now requised components, and 50% (mole fraction)
would be represented by n-heptane. The remainimgop is divided among MD and MD9D
depending on the biodiesel type that is being sspeed. For example, considering the
compositions shown previously in Figure 4-11, RMBEowd contain 2.5% MD and
47.5% MD9D, SME would have 8% MD and 42% MD9D, &MdE would be 24.5% MD and

25.5% MD9D.
i
AANANNANANNANNS i
. I
I } AT ANANNS

WW/}W+W/

Figure 6-6: New biodiesel chemistry strategy usiflieptane, MD and MD9D
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The new n-heptane strategy was intended to inchideptane chemistry only, and not
apply the volatile n-heptane physical properti€onsequently, a new dummy species (nc7bio)
was included in the mechanism to link n-heptanaerssiey with biodiesel physical properties.
For a given fuel composition, the nc7bio species giaen properties of the dominant biodiesel

component.
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Figure 6-7: Pictorial description of connectiorivibeen physical properties and chemistry in
multi-component KIVA simulations using the new bieskl strategy; compare to Figure 4-3.

6.3 Second Mechanism Reduction

While investigating the chemistry, it was found ttihe MD/MD9D portion of the

mechanism had several dead-end pathways leavingclo@in species with no decomposition
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reactions. These persistent species decreasadfitiency of the mechanism by increasing the
species count without contributing to the progmsdrom fuel to products. A second manual
reduction was performed to eliminate these surphexies and provide a straightforward skeletal
set of reactions for future analysis.

As a first step, the biodiesel reactions were eemyed to easily discern reaction flow
from fuel-decomposition to lower-level intermediaspecies. The existing nine oxidation
pathways in the n-heptane portion of the mecharsermed as a template from which the new
biodiesel arrangement was modeled. Table 6-1 tian-heptane reactions and the analogous
reactions in the reduced MD/MD9D mechanisms. MDMADoxidation requires several more
pathways, as displayed in Figure 3-6, and they madain the mechanism as “additional
reactions”. It should be noted that the n-heptesactions do not include an isomerization
reaction (e.g., md6o2=md6ooh8j). This reactioantedded in Reaction 6. The two reactions
in the MD/MD9D mechanisms could not be assimilated a single reaction without a drastic

effect on ignition delay time and were thereforsegsed separately.
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Table 6-1: Curran reaction class [30] for the mAgeptane reactions and analogous MD/MD9D
reactions in the ERC-MultiChem+MD/MD9D mechanism

Rxn
#

n-Heptane
Reaction

MD/MD9D
Analogous Reactions

Curran
Rxn Class

nc7hl6+h=c7h15-2+h2

md-+h=md6j+h2
md9d+h=md9d6j+h2
md9d+h=md9d8j+h2

nc7hl16+oh=c7h15-2+h20

md-+oh=md6j+h20
md9d+oh=md9d6j+h20
md9d+oh=md9d8j+h20

nc7h16+ho2=c7h15-2+h2d

md+ho2=md6j+h202
Zmd9d+ho2=md9d6j+h202
md9d+ho2=md9d8j+h202

nc7hl16+02=c7h15-2+ho?2

md+02=md6j+ho2

md9d+02=md9d6j+ho2
md9od+02=md9d8j+ho2

c7h15-2+02=c7h1502

md6j+02=md602
md9d6j+02=md9d602
md9d8j+02=md9d8o2

10

c7h1502+02=c7ketl2+oh

md6o2=md6ooh8;j
md9d602=md9d6ooh8;|
md9d802=md9d8ooh6;j
md6ooh8j+02=mdket68+oh
md9d6ooh8j+02=md9dket68+oh
md9d8ooh6j+02=md9dket86+oh

12

22

c7ketl2=c5h1ll1co+ch20+0

mdket68=oh+c2h5cho+ms60ox07]
hmd9dket68=oh+c2h3cho+ms60x07j
md9dket86<=>o0h+mh6oxo+ch2co+c2

24

c5hllco=c2h4+c3h7+co

c2h5cho=c2h5+hco
c2h3cho=c2h3+hco

NA

c7h15-2=c2h5+c2h4+c3h6

c6h12-1=c3h5+c3h7*
c6h10-15=c3h5+c3h5

*Added later from detailed LLNL mechanism
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A single dominant pathway for each fuel was idégdifand the rest were removed. The

largest species removal came from completely elbmig themd9d8jpathway from the MD9D

branch shown in Figure 3-6. Three species wereverhfrom the MD branch by combining

reaction sets. The combined pathways are listebalsle A-3 of Appendix A. The resulting

skeletal mechanism, ERC-MultiChem+Bio, consiste@®fpecies and 192 reactions, including

the six dummy biodiesel and four NOx species. mé& mechanism’s key pathways for each

fuel are shown in Figure 6-8. The new ERC-Multi@rdio mechanism required additional

rate parameter adjustments to reproduce the MDMIDED ignition delay curves. The changes

are documented in Table A-4 of the Appendix.
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Figure 6-8: Key pathways remaining in the secomldicgon process to form a skeletal
ERC-MultiChem+Bio mechanism
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Figure 6-9 displays the resulting ignition delasegictions for the range of engine-

relevant conditions mentioned previously in Tabi@. 3Errors are shown in Table 6-2. Note that

these values represent about a 12% increase cainfmatbe previous mechanism, but ignition

delay predictions for both fuels are more consiseross the sweep of equivalence ratios.

Additionally, the new mechanism contains 12 fewsrcses, which reduces computation time for

the simulations. While the errors are larger, #@smne uncertainty applies as mentioned

previously. More accurate ignition validation dag achieved when reliable ignition delay data

becomes available for biodiesel fuels or represmetéong-chain methyl esters.

Table 6-2: Maximum error observed for the ERC-MEiftem+Bio mechanism

Conditions at Maximum
Ignition Delay Error

Pressure (bar)
Equivalence Ratio
Temperature (K)

LLNL Ignition Delay (us)
ERC Ignition Delay |is)
Ignition Difference [1s)
Error (%)

Difference (CA¥)

Fuel

MD MD9D

40 40
0.50 0.50
950 800
1430 2520
810 819
620 1700
43.3 67.5
3.7 10.2

*assuming 1000 rev/min

The following chapter discusses the applicatiothef new strategy to the LTC cases. It

should be noted that the original engine validattases using the conventional combustion in

the SCORE were satisfactorily repeated, includir@xNoredictions, and those results are in

Appendix A.
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Figure 6-9: Ignition delay time predictions for thleeletal ERC-MultiChem+Bio mechanism
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Chapter 7. Low Temperature Combustion Cases

7.1 SME100LTC

The LTC simulations using neat soy-based biodiesete repeated using the new
chemistry strategy. First, it should be noted thaitimes for the SME cases improved from
nearly 30 hours to 22 hours by eliminating the fidcges in the second mechanism reduction.
This 27% reduction in CPU time can translate taificant walltime savings with parallel
computing. The simulations were run on a compalgster that consists of an array of Intel®
Pentium™4 and Core™2 processors. Runtimes caneteced to five hours using four
processors in parallel.

Table 7-1 gives the new six-species fuel compasitior the SME100 LTC cases,
including the physical and chemical properties grs=il to each species. The new biodiesel
component was assigned methyl linoleate propersiese it was the dominant component for

SME fuel.

Table 7-1: SME100 fuel composition for the newrolsry strategy

Mechanism Property Chemistry Composition
Species Species Species (mass fraction)
mpalm m. palmitate md 0.0590
mstear m. stearate md 0.0228
molea m. oleate md9d 0.1183

mlinl m. linoleate md9d 0.2572
mlinin m. linolenate md9d 0.0388
nc7bio m. linoleate nc7hl6 0.5039
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Table 7-2 lists the initial conditions used to rce the experiments. Similar to the
diesel cases, the IVC temperature and EGR percert adjusted as needed for each SOI timing.
As seen in the table, the biodiesel simulationsiired higher temperatures to vaporize the less-
volatile methyl esters. Despite the higher temjpees, the biodiesel still penetrated further
compared to the diesel fuel. Figure C-1 compareg/iinder fuel penetration predictions for the

two fuels. The longer penetration of biodiesehisst noticeable at -2&TDC.

Table 7-2: Initial conditions for SME100 fuel LT€Imulations

SOl IvVC IvVC EGR
Timing Pressure | Temperature Percent
(°aTDC) (bar) (K) (%)
-36 1.918 375 70
-34 1.926 380 70
-32 1.933 380 70
-30 1.920 365 68
-28 1.922 375 69
-26 1.922 370 68
-24 1.918 370 68
-22 1.930 355 68
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SME100 fuel, SOI = -30° aTDC SME100 fuel, SOI = -30° aTDC SME100 fuel, SOI = -30° aTDC
CA=-18°aTDC CA=-13°aTDC CA =-8°aTDC
Fuel Mass Fraction Fuel Mass Fraction Fuel Mass Fraction
| | — ] | — ]

0.00000 0.00050 0.00100 0.00150 0.00200 0.00000 0.00050 0.00100 0.00150 0.00200 0.00000 0.00050 0.00100 0.00150 0.00200

- - 9

(a)
Diesel fuel, SOl = -30° aTDC Diesel fuel, SOl = -30° aTDC Diesel fuel, SOl = -30° aTDC
CA =-18"aTDC CA =-13°aTDC CA =-8°aTDC
Fuel Mass Fraction Fuel Mass Fraction Fuel Mass Fraction
| — | | —— | | — |

0.00000 0.00050 0.00100 000150 0.00200 0.00000 0.00050 0.00100 0.00150 0.00200 0.00000 0.00050 0.00100 0.00150 0.00200

- - 5

(b)

Figure 7-1: In-cylinder fuel penetration predictiofor (a) SME100 and (b) diesel fuels at the
-30° aTDC SOl timing under LTC conditions.

The simulations were run using the standard KH-R& constants. It was of interest to
test the spray constants identified in the unste@d@RE spray cases run previously. Table 7-2
shows the excessive fuel penetration that occurgyubese constants. This is expected, since
the GM engine is much smaller than the SCORE. Wibowl radius of only 2.5 cm, distant
value of 4.5 never allows the RT spray model tacéiéed in the GM engine. A spray constant

analysis was not performed for this engine. Irstéae standard KH-RT values were applied.
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Figure 7-2: In-cylinder fuel penetration predicsofor SME100 fuel -30aTDC SOI timing
under LTC conditions using KH-RT constants ideatifin unsteady spray simulations

Figure 7-3 displays the results from the %326 and -22 aTDC SOI timings and
compares them to the diesel simulation results.e Tigure confirms that ignition timing,
pressure, and heat release rate are well-matchdabfo fuels. Similar agreement is seen over

the range of SOI timings and full results are shawAppendix A.
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Figure 7-3: Comparison of pressure and heat relesis for (a) diesel and (b) neat soy biodiesel
for LTC injection timings of -32 -26° and -22 aTDC
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Figure 7-4 shows the simulated emissions and fole$umption results for the two fuels
compared to their respective experiments. The laimons do very well reproducing the
experiments. Only a subtle CO “sweet spot” existsthese experimental conditions and the
simulations are able to capture the lower emissialues around -3TDC. Figure 7-5
provides a different perspective, comparing the fugs as observed in the experiments and
predicted by the simulations. The simulations matee experimental trend well. The HC
predictions are similar for diesel and biodiesehiler NOx is lower and fuel consumption is

higher for biodiesel compared to diesel.
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Figure 7-4. Simulated emissions and fuel consurngredictions for (a) diesel and (b)
SME100 compared to experimental results of Tranh [88
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Figure 7-5: Comparison of diesel and SME100 emimssand fuel consumption results (a)
observed by the experiments of Tran [88] and (biljated by the KIVA simulations

7.2 B20 Results

Next, the new strategy was applied to the B20 ca$able 7-3 and Table 7-4 provide the
seven-species fuel compositions for the PME20 aM&Z® LTC cases. The PME and SME
compositions shown in Figure 4-11 were used for rtiethyl ester portion of the biodiesel

fraction in each of these fuel blends.



Table 7-3: PME20 fuel composition for the new clegrg strategy

Mechanism Property Chemistry Composition
Species Species Species (mass fraction)
mpalm m. palmitate md 0.0483
mstear m. stearate md 0.0054
molea m. oleate mdod 0.0432

mlinl m. linoleate md9d 0.0121
mlinin m. linolenate mdod 0.0006
nc7bio m. palmitate nc7hl6 0.1142
nc7h16 tetradecane nc7h16 0.7763

Table 7-4: SME20 fuel composition for the new cletrg strategy

Mechanism Property Chemistry Composition
Species Species Species (mass fraction)
mpalm m. palmitate md 0.0132
mstear m. stearate md 0.0051
molea m. oleate mdod 0.0265

mlinl m. linoleate md9ad 0.0577
mlinin m. linolenate mdod 0.0087
nc7bio m. linoleate nc7hl6 0.1130
nc7hl6 tetradecane nc7hl1l6 0.7757
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Each blend case required unique initial condititorsthe simulations. EGR was kept

within the range the values given in the experimesmd the calculated external EGR plus

residual mass. Table 7-5 and Table 7-6 list thigaincondition applied for the PME20 and

SMEZ20 cases, respectively.
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Table 7-5: Injection information for PMEZ20 fuel

SOl IvC IVC EGR
Timing | Pressure| Temperature | Percent
(°aTDC) | (bar) (K) (%)
-36 1.905 370 73
-34 1.922 360 70
-32 1.917 360 69
-30 1.922 370 69
-28 1.915 360 69
-26 1.909 360 70
-24 1.903 360 70
-22 1.920 360 70

Table 7-6: Injection information for SMEZ20 fuel

SOl IvC IvC EGR
Timing | Pressure| Temperature | Percent
(°aTDC) | (bar) (K) %
-36 1.914 365 73
-34 1.917 360 71
-32 1.919 360 70
-30 1.922 360 70
-28 1.915 360 70
-26 1.906 360 71
-24 1.911 360 71
-22 1.913 355 71

Figure 7-6 shows results for the two fuel blendstfe -32, -26° and -22 aTDC SOl
timings. The results are fairly well-matched. é&ndive optimization was not performed on the

input conditions for these cases. It is expeatgarovements could be with input adjustments.
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Figure 7-6: Comparison of pressure and heat relesis for (a) PME20 and (b) SME20
biodiesel blends for LTC injection timings of <3226° and -22 aTDC

Emissions and fuel consumption predictions for tine biodiesel blends are shown in

Figure 7-7. Similar to the diesel case, the situta under-predict NOx and over-predict CO,
but the trends are consistent. Figure 7-8 confitmasthe simulations do a good job reproducing
the relative fuel differences seen in the experisierThe emissions and fuel consumption are
similar for the three fuels, with the exceptionNDx. The experiments attributed this increased

NOx for PME20 to the higher cetane number of PMbe earlier ignition and longer residence

time at higher temperatures promoted NOx formatidm.the simulations, the PME20 ignited

slightly sooner as well, but due to initial condits and not fuel chemistry. The increased

fraction of MD chemistry in the PME fuel actuallgduces reactivity, as shown previously in the

ignition delay comparison of Figure 6-1.
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Figure 7-7: Simulated emissions and fuel consumnpgtredictions for (a) PME20 and (b)
SMEZ20 biodiesel blends compared to experimentaltsesf Tran [88]
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Finally, a comparison was made between the di€3¢E20, and SME100 fuels to assess

the impact of increased biodiesel fraction. Figiw@ compares diesel, SME20 and SME100 to

show the impact of increased biodiesel. The sitraria do well to capture the trends in the

experiments.

The B20 blend does not impact thaltseegreatly. Neat biodiesel, however,

slightly decreases NOx and increases ISFC. COHfdare not significantly changed with

increased biodiesel.
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Figure 7-9: Impact of increased biodiesel fuglapexperiments and (b) simulations

7.3 Generic LTC Cases

It is difficult to definitively compare the effecif fuel type using the experimental cases

shown previously, because the conditions such aR R&cent and initial temperatures and

pressures differed for each SOI timing. Simulatiaffer the capability of performing an

idealized comparison using identical conditions.s&t of generic conditions was prepared for
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the -30 aTDC case so that the EGR composition, IVC presand temperature, and fuel energy
was the same for each fuel. Five fuels were coetpadiesel, SME20, SME100, PME20 and
PME100. The diesel fuel served as the baselingrentiodiesel blends had unique fuel masses,
based on their densities and lower heating valoesiatch the energy content of the diesel fuel.
Each fuel mass required a unique injection profibjch was calculated as done previously.
Table 7-7 outlines the initial conditions and Tal@l8 lists the species composition used to
represent the 70% EGR in-cylinder. All other irgpfdr the simulations were the same for each

fuel.

Table 7-7: Initial conditions for generic LTC fusdmparison

Fuel IvVC IvVC EGR
Fuel Mass Pressure | Temperature Percent
(mg) (bar) (K) (%)
Diesel 14.10
PME20 14.70
PME100 17.35 1.9 365 70
SMEZ20 14.64
SME100 17.30

Table 7-8: Generic in-cylinder composition simingt70% EGR for LTC fuel comparison

Fuel EGR Compc_)nent
Mole Fractions
CH, 0.0005
CO 0.0030
CO, 0.0720
O 0.0840
H> 0.0005
H.O 0.0700
N> 0.7700
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First, a pressure and heat release rate companwssnmade to ensure that the fuels
maintained similar ignition and load. Figure 7-&ldows that the differences in combustion

performance are nearly indistinguishable betweeisfu

Diesel fuel

144 = — PMEZ20 fuel g +1200
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Figure 7-10: Pressure and heat release rate caapdor five fuels under LTC conditions at a
-30° aTDC SOl timing

Figure 7-11 compares the emissions and fuel consampredicted by each of the fuels.
CO was not affected by fuel type and both B20 kdeack similar to the diesel case for all
parameters. The B100 fuels, however, have high@radd ISFC and lower NOx. The fuel
consumption difference is a result of the increaSiedliesel fuel mass required to match the
diesel fuel energy. The HC emissions are duegastlin part, to the liquid biodiesel fuel
remaining in-cylinder during the expansion stroke seen in Figure 7-12. Both fuels appear to
have parcels caught on the piston head, exacegbuenr vaporization. The least volatile fuel,

SME100, has the most parcels remaining, and atsbithest HC emissions at EVO.
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Figure 7-11: Comparison of (a) HC, (b) ISFC, (& and (d) CO for five fuels under LTC
conditions at a -30aTDC SOl timing
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SME100 fuels under LTC conditions at a23d’DC SOl timing



119

For all fuels, the NOx predictions using the gen@&{GR composition were an order of
magnitude smaller than the LTC experiments obsersedgesting that the temperatures in the
simulations may be lower than those of the exparise While a reduction in NOx was seen
with B100 (as was observed in the LTC experimeiitsy,difficult to compare NOx formatiom
these simulations when so little was formed. Thalkdifference may be due to the fact that the

max temperature reached by the B100 fuels was &@ouaboler than the diesel.
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Chapter 8: Conclusions and Future Work

8.1 Summary

In this work, a comprehensive biodiesel combustiwdel was created for use in multi-
dimensional engine simulations. The model incaapes realistic physical properties in a
vaporization model developed for multi-componentlfisprays and applies an improved
mechanism for biodiesel combustion chemistry. ddigon to developing a successful biodiesel
combustion model, this work provided guidelinesftdure researchers who wish to reduce other
detailed mechanisms for CFD applications.

A Lawrence Livermore National Laboratory mechaniemtwo biodiesel fuel surrogate
species, methyl decanoate (MD) and methyl-9-deden@4D9D), was reduced from 3299
species to 85 species using a combination of thhecBEd Relation Graph method, isomer
lumping, and limited reaction rate adjustments.e fiechanism was later reduced further to 69
species and a new biodiesel chemistry strategy imptemented that included n-heptane to
improve low-temperature combustion behavior. Th®/MD9D portions of the reduced
mechanism accurately predicted ignition delay timkethe detailed mechanism over a range of
engine-specific operating conditions.

The fuel chemistry was combined with physical propeformation for the five methyl
ester components of biodiesel to validate the madekr realistic engine operating conditions.
In both conventional and low temperature combussipategies, the model was able to capture
ignition, as well as key performance and emissi@wsilts. In addition, emissions and fuel
consumption trends observed in the LTC experimémés compared diesel to the neat and

blended biodiesel fuels in were reproduced withusated fuels.
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The results shown in this work suggest that thisdigisel model can be applied in
conventional and low temperature combustion strasegsing neat and blended biodiesel fuels
from a variety of feedstocks. Very few deviatiomenii the given experimental output (e.g.,
accounting for residual mass in LTC EGR calculat)omere needed to obtain a good match to
emissions and fuel consumption results. Futurd-eefined biodiesel experiments with clear
operating conditions can easily be reproduced usimg model. More importantly, the
simulation predictions using a generic set of ahitonditions were able to reproduce trends
observed in the experiments, particularly the deswd NOx with neat biodiesel, without the
exact experimental conditions, which ensures thigleh can also be used as a toolgtode

future engine experiments.

8.2 Future Work

8.2.1 Improved Biodiesel Chemistry and Physicaiperties

Ideally an equal number of chemistry and physicapprty surrogates would be used to
model a given fuel. For diesel, it is impractitaimodel the hundreds of components of the real
fuel. In contrast, biodiesel is mainly five comeoits and each of those could realistically be
represented. Researchers at Lawrence LivermoréordatLaboratory have developed a
mechanism for theeal five components of biodiesel: methyl palmate, rnjleitearate, methyl
oleate, methyl linoleate, and methyl linolenate,§&}. The ignition delay predictions of these
fuels are shown in Figure 8-1. It would be of rest to apply the reduction techniques described
in this work to this very large (4800 species, AD@Eactions) mechanism and eliminate the need

for simplified chemistry surrogates.
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Figure 8-1: Ignition delay time predictions of aiéed mechanisms for the real five components
of biodiesel fuel; reproduced from [92,93]

In addition to the chemistry, it would be valualide improvements to also be made to
the methyl linoleate and methyl linolenate physmalperties. At present, these components are
mostly represented using a combination of predistiof the BDprop program from the
University of lllinois at Urbana/Champagne [49,51jd methyl oleate properties. Hopefully

researchers will soon have a means of charactgribese fuel components.

8.2.2 Application in Other Combustion Strategies

Hansen [94] recently performed Reactivity-Contr@dll€ompression-Ignition (RCCI)
experiments using a B20 blend in place of diesehadigh cetane fuel. The experiments were
performed at Oak Ridge National Laboratory in a GEFL engine similar to the one used in the
LTC experiments presented in this work. The stpekton was replaced with an RCCI-
optimized piston, which offered a very low surfarea to reduce heat transfer. Results from

this work can provide another validation point fbe biodiesel mechanism. From there, the
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model can be used to supplement future biofuel (Bddd ethanol) RCCI experiments that are

planned.

8.2.3 Particulate Matter (Soot) Characterization

To date, particulate matter (PM) has received Jgtig attention from the biodiesel
modeling community. Yet the reduced PM seen wittdiesel is one of its key benefits. It is
thought that the reduced PM of biodiesel causesdadation in radiative heat transfer, which
could lead to increased temperatures and thusasedeNOx [84,95]. As mentioned previously,
an improved soot model was developed by Vishwamafl8&,97] that includes a reduced
mechanism for polycyclic aromatic hydrocarbon (PAbpmation, which is thought to impact
soot formation. In addition, soot number densitgswncluded in the improved model. The
improved soot model was not implemented into tloelieisel model in this work, but would be a
valuable addition for future biodiesel analysed thalude PM. The LTC experiments of Tran
[88] included soot particle size and particle numbata, which can be used to validate the

model for diesel, B100 and the B20 blends.
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Appendix A: Supplementary Results and Information

Nomenclature of Species

Below is the species nomenclature relevant to dtiged MD/MD9D mechanism. A more
thorough description of the detailed mechanismécks is available on the LLNL mechanism webpage:

https://www-pls.lInl.gov/data/docs/science_and_tetbgy/chemistry/combustion/

f
NANNANN = methyl decanoate, md
X 9876 54321 m

Saturated methyl esters (e.g., md = methyl decanoa = methyl ethanoate):

Unsaturated methyl esters (e.g., mp2d):
name = “saturated ester” + “position of double Bohdd” (+ “2nd double bond location” + “d”)

Alkyl ester radicals (e.g., me2)):
Name = “name of ester” + “position of radical site”}”

Peroxy ester radicals (e.g., md602):
Name = “name of ester” + “position ofO group” + “02”

Hydroperoxy alkyl ester radicals (e.g., md9d6oach8j)
Name = “name of ester” + “position oFOH group” + “ooh” + “position of radical” + "

OOQOOH ester radicals (e.g., md9d6ooh802):
Name = “name of ester” + “position oFOH group” + “ooh” + “position of OO” + “02”

Ketohydroperoxide ester molecules (e.g., mdket68):
Name = “name of ester” + “ket” + “position of carbd group” + “position of GOH group”

Hydroperoxydes (e.g., md6ooh):
Name = “name of ester” + “position oFOH group” + “ooh”

Alkenes (e.g., c7h14-1 = 1-heptane):
Name = ¢hy, + “-* + “position of double bond”

Alkyl radicals (e.g., c7h15-1 = 1-heptane):
Name = ¢hy,.q + “-* + “position of radical site”.
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Figure A-1: Comparison of remaining physical prdsrrequired by the DMC code; also see
corresponding Figure 4-1.
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Table A-1: Reactions combined in ERC-MultiChem+NMWD9D mechanismltalicized species
were removed in the assimilation. New reactionsardmeters aregold/italicized.

Combined reactions A b E

md6ooh8j+o2<=md6ooh802 .7450E+13 0.00| .0000E+00
md6ooh8o2=>mdket68+0oh .1250E+11| 0.00| .1785E+05
md6ooh8j+02<=>mdket68+oh .7540E+13 | 0.00 | .0000E+00
mf500h3j+o2<=f500h302 .7540E+13 0.00| .0000E+00
mf500h30&=>mfket53+0h .2500E+11| 0.00| .2140E+05
mf500h 3j+02<=>mfket53+0h .7540E+13 | 0.00 | .0000E+00
md9d8ooh6j+02<=md9d8ooh602 .7540E+13 0.00| .0000E+00
md9d8ooh602=>md9dket86+0h .1250E+11| 0.00| .1335E+05
md9dB8ooh 6j+02<=>md9dket86+0oh .7540E+13 | 0.00 | .0000E+00
md9d6ooh8j+o02<=md9d6ooh802 .7450E+13 0.00| .0000E+00
md9d6ooh802=>md9dket68+0h .1250E+11| 0.00| .1785E+05
md9d600h8j+02<=>md9dket68+oh .7540E+13 | 0.00 | .0000E+00

Table A-2: Reaction rate adjustments made to tinkehius parameters in the
ERC-MultiChem+MD/MD9D mechanism (adjusted paranmsteebol d/italicized)

Adjusted reactions A b E Notes
- D
md-+oh=md6j+h20 A4670E+08| 1.61) -.3500E+0R2
1401E+07 | 1.61 | -.3500E+02| 0.03A
i
md+ho2=md6j+h202 .5880E+05| 2.50, .1486E+0%
A1764E+04 | 2.50 | .8916E+03 | 0.06E@2000K
il
md+02=md6j+ho2 .4000E+14| 0.000 .5016E+0%
4000E+13 | 0.00 | .4013E+05 | 0.8E@2000K
- D
md9d+oh=md9d6j+h2o A4670E+08| 1.61) -.3500E+02
4670E+10 | 1.61 | -.3500E+02] 100A
i
md9dket68=0h+c2h3cho+ms60x07] 1050E+17) 0.00)  .4160E+03
2100E+13 | 0.00 | .3328E+05 | 0.8E@500K
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Table A-3: Reactions combined in ERC-MultiChem-+imiechanism.ltalicized species were
removed in the assimilation. New reactions andup&ters areold/italicized.

Combined reactions A b E

md6ooh8j+o2md6ooh802 .7540E+13| 0.00| .0000E+00
md6ooh8o2mdket68+oh .1250E+11| 0.00| .1785E+05
md6ooh8j+02=mdket68+oh .7540E+13 | 0.00 | .0000E+00
mdket68-ndket68aoh .1050E+17 0.00| .4160E+05
c2h5cho+ms6oxo7mdket680o .3330E+11| 0.00| .6397E+04
mdket68=oh+c2h5cho+ms6oxo7j | .1050E+17 | 0.00 | .4160E+05
c2h4+4c6h13-Ec8h17-1 .8800E+042.48| .6130E+04
c6h12-1+hz6h13-1 .2500E+12| 0.51| .2620E+04
c2h4+c6h12-1+h=c8h17-1 .8800E+04 | 2.48 | .6130E+04
mb4j+c6h13-Emd .8000E+13 0.00| .0000E+00
c6h12-1+hz6h13-1 .2500E+12| 0.51| .2620E+04
mb4j+céh12-1+h=md .8000E+13 | 0.00 | .0000E+00
md9d6ooh8j+o2md9d6ooh802 | .7540E+13 0.00| .0000E+00
md9d6ooh8o2md9dket68+oh .1250E+11| 0.00| .1785E+05
md9d6ooh8j+02=md9dket68+oh | .7540E+13 | 0.00 | .0000E+00
md9d-ms7jc3h5 .2500E+17 0.00| .7100E+05
c2h4+mf5j=ms7j .8800E+04| 2.48| .6130E+04
md9d=c2h4+mf5j+c3h5* .2500E+17 | 0.00 | .7100E+05
mf500h3j+o02mf500h302 7.54E+12] 0| O0.00E+00
mf500h302mfket53+oh 2.50E+10, 0| 2.14E+04
mf500h3j+02=mfket53+oh 7.54E+12 0| 0.00E+00
mfket53=ohmfket530 1.05E+16 0| 4.16E+04
ch2cho+mp3oxomfket530 3.33E+10, 0| 6.40E+03
mfket53=oh+ch2cho+mp3oxo 1.05E+16 0| 4.16E+04
mp3oxo+ohmp3o0xo03fh20 2.69E+1Q0 0.76| -3.40E+02
co+me2janp3ox03j 1.51E+11 0| 4.81E+03
mp3oxo+oh=co+me2j+h20 2.69E+10 | 0.76 | -3.40E+02

* Rate also adjusted; see Table A-4
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Table A-4: Reaction rate adjustments made to thibekius parameters in the
ERC-MultiChem+bio mechanism (adjusted paramdietd/italicized)

Adjusted reactions A b E Notes
md-+oh=md6j+h20 .4670E+08| 1.61| -.3500E+02

.1401E+07 | 1.61| -.3500E+02| 0.03A
md+ho2=md6j+h202 .5880E+05| 2.50| .1486E+05

1764E+04 | 2.50| .8916E+03 | 0.06E@2000K
md+02=md6j+ho2 .4000E+14| 0.00| .5016E+05

4000E+13 | 0.00| .4013E+05 | 0.BE@2000K
md9d+oh=md9d6j+h2o .4670E+08| 1.61| -.3500E+02

.2335E+08 | 1.61| -.3500E+02| 0.5A
md9d+ho2=md9d6j+h202 .5880E+05| 2.50| .1486E+05

2954E+04 | 2.50| .2972E+04 | 0.2E@2000K
md9dket68=oh+02h30ho+ms6oxo"j'1050E+17 0.00| .4160E+05

.2100E+13 | 0.00| .3328E+05 | 0.8BE@2000K
md9d=c2ha+mf5j+c3h5 .2500E+17| 0.00| .7100E+05 | See note,' Table A-3

.6250E+16 | 0.00| .7100E+05| 0.25A, high T

Table A-5: Composition of neat methyl esters frolfCLexperiments of Tran [88]

Analvte Area % Binned Normalized Simulated
y SME PME | SME PME | SME PME Species

C8:0 0.00 0.18 - - - -
C10:0 0.00 0.24 - - - -
C12:0 0.06 0.77 - - - -
C14:0 0.12 1.25 - - - -
Ci15:1 0.00 0.24 - - - -
C16:0 (Palmitic Acid) 11.51 42.06 :
C16:1 (Palmitoleic Acid) 023 030 11.74 42.36) 11.89 44.08 m. palmitate
C18:0 (Stearic Acid) 453 470 | 4.53 4700 4.59 4.89 m. stearate
C18:1 Trans 0.06 0.12
C18:1 Cis (Oleic Acid) | 23.49 37.78| 2355 37.9| 2384 3944  m.oleate
C18:2 Trans 0.17 0.30 .
C18:2 Cis (Linoleic Acid) | 51.05 10.29 | °1-22 10.59) 51.86 11.0¢  m.linoleate
C20:0 041 0.48 - - - -
C18:3 Trans 035 0.24 :
C18:3 (Linolenic Acid) 738 0.30 7.73 0.54| 7.83 0.56 m. linolenate
C20:1 0.06 0.03 - - - -
C20+ Unknown 0.58 0.73 - - - -




Liquid Penetration (cm)
w
1

Liquid Penetration (cm)
w
!

Pinj=71MPa, Pboost=2.48bar, SOI=-50CA 6 Pinj=71MPa, Pboost=2.48bar, SOI=-20CA
=== KIVA Simulation === KIVA Simulation
—~ 54
£
A
c 44
9
S
@ 34
=4
o}
a
T 29
=1
g
- 14
0 LR A o B B B b Raan] 0 T e ey
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 -60 -50 -40 -30-20 -10 O 10 20 30 40 50 60
Crank Angle ( °aTDC) Crank Angle ( °aTDC)
Pinj=142MPa, Pboost=1.65bar, SOI=-50CA 6 Pinj=142MPa, Pboost=1.65bar, SOI=-20CA
=== KIVA Simulation === KIVA Simulation
54 -\ 54
£
[C
= 44
o
8
3 31
c
a
T 2]
3
g
a1
O S S ARaas A Aanas sans nanan Ranss Ranss anas sasns sanss) [ A AR SRS RASaS A sansa Ranss AaRSs Rusns Ranns susns)
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Crank Angle ( °aTDC) Crank Angle ( °aTDC)
Pinj=142MPa, Pboost=2.48bar, SOI=-50CA 6+ Pinj=142MPa, Pboost=2.48bar, SOI=-20CA
=== KIVA Simulation === KIVA Simulation
—~ 54
£
A
c 44
9
S
@ 34
=4
o}
a
T 24 L S
=1
g
- 14

Liquid Penetration (cm)
w
7

0 f T T T T T T T T T T d
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Crank Angle ( °aTDC)

0 T T T t T T T T T T T d
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Crank Angle ( °aTDC)

()

Liquid Penetration (cm) Liquid Penetration (cm)

Liquid Penetration (cm)

138

Pinj=71MPa, Pboost=2.48bar, SOI=+10CA

=== KIVA Simulation "
'
'
'

0 T T T T T T t T T T aasanl
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Crank Angle ( °aTDC)

Pinj=142MPa, Pboost=1.65bar, SOI=+]0CA
= == KIVA Simulation [

0 LBRARE BARRS AR BARAS ARAAL T T
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Crank Angle ( °aTDC)

Pinj=142MPa, Pboost=2.48bar, SOI=+10CA
=== KIVA Simulation

4
!
\
1

[0} T T T T T T t T T T T
-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Crank Angle ( °aTDC)

Figure A-3: Liquid lengths predicted for unsteadyCHIRE spray cases using spray break-up
constants of cnst22=80, cnst3rt=0.025, and distabi{=(a) ;=71 MPa, Boos=2.48 bar,
(b) Pnj=142 MPa, By0s=1.86 bar and (c)ilf=142 MPa, B,s=2.48 bar; see corresponding Figure

4-19.



6= -Plnj— 71MPa, Pboost=2.48bar, SOI=-50CA
------- Plgj =142MPa, Pboost=2.48bar, SOI=-50CA
~ 51
S
S .........,...,,‘:‘.{....
s M I
z / S,
Q 34 j KR
< LIRS
[3) .,
o ‘ 'o...\
T 2 f R
2 %
5. i M
| E
Experlment Ik
0 I' T Tt TT 1

-60  -50 -40 -30 20 -10 0 10
Crank Angle ( °aTDC)

(@

Liquid Penetration (cm)

139

64— -Plnj— 71MPa, Pboost=2.48bar, SOI=-50CA
-------- PIE] =142MPa, Pboost=2.48bar, SOI=-50CA
5_
44 ..09’.. -\
A AR
1 / o, = o \
34 J et o
‘ XY
: )
21 ¢ T,
; }
1- ¢ I
S H
¢ Simulation :
0 ""I""'I""I""I""I'\'."I""I
60 -50 -40 -30 -20 -10 0 10

Crank Angle ( °aTDC)

(b)

Figure A-4: Effect of changing injection pressatahe high-boost condition for unsteady
SCORE spray (a) experiment and (b) simulation

Plnj— 71MPa, Pboost=1.65bar, SOI=-50CA
Plnj 142MPa, Pboost=1.65bar, SOI=-50CA

Liquid Penetration (cm)
P

Experiment

60 -50 -40 -30 -20 -10 0 10
Crank Angle ( °aTDC)

(@)

Liquid Penetration (cm)

6+ Plnj— 71MPa, Pboost=1.65bar, SOI=-50CA
PIE] =142MPa, Pboost=1.65bar, SOI=-50CA
54
4
34
2
1
Simulation
0 LANLINL L B L BL L S RN BN LN R R B SN B |
60 -50 -40 -30 -20 -10 0 10

Crank Angle ( °aTDC)

(b)

Figure A-5: Effect of changing injection pressateghe low-boost condition for unsteady
SCORE spray (a) experiment and (b) simulation



149 ——GM-UW Experiment, SOI= -36 °aTDC7 200
====KIVA Simulation

124

Pressure (MPa)

4175

,_\
a
<]
/

Heat Release Rate (J/9

125

100

75
50

14+

124

Pressure (MPa)

T T T
-30 -20 -10 0 10 20 30

Crank Angle (aTDC)

—— GM-UW Experiment, SOI= -32 °aTDC7 200
====KIVA Simulation

4175

Heat Release Rate (J/9)

04 Diesel |
T T T T T 0
-30 -20 -10 0 10 20 30
Crank Angle (4TDC)

149 ——=GM-UW Experiment, SOI= -28 °aTDC7 200

12] ====KIVA Simulation 1175
-
—_ S
= 2
o 2
= 5]
= hd
e 2
2 @
7] <@
Q [
o o
T
Lo}
| T

04 Diesel
T T T f T 0
-30 -20 -10 0 10 20 30
Crank Angle (2TDC)

149 ——GM-UW Experiment, SOI= -24 °aTDC 200

12 === -KIVA Simulation 1175
-
104 150 5

Pressure (MPa)

125 &

N o ~ =
(2] o (2] o

o
Heat Release Rats

-30 -20 -10 0 10 20

Figure A-6: Experimental (solid) and simulatiom$tied) SOI timings pressure and heat release

80

Crank Angle (2TDC)

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

149 ——GM-UW Experiment, SOI= -34 °aTDC 200
12] ===-KIVA Slmulat|02~ 1175
o
104 150 )
Q
s 125 8
[hq
6. 100 g
o
75 2
“ 50 &
2 8
25 T
04
T i T 0
30 20 -10 0 10 20 30
Crank Angle (aTDC)
149 ——=GM-UW Experiment, SOI= -30 °aTDC 200
12] ====KIVA Simulation 1175
'
10+ 150 §
Q
8] 125 8
100 5
6 &
©
4 75 2
] 50 &
2 3
! {25 T
04 Diesel
T i T T ; 0
30 20 -10 0 10 20 30
Crank Angle (4TDC)
149 ——=GM-UW Experiment, SOI= -26 °aTDC7 200
12] ====KIVA Simulation 1175
150 g
Q
125 &
o
100 ¢
(%]
©
75 2
[}
@
50 =
Lo}
! 425 T
04 Diesel
T { v ; : 0
30 20 -10 0 10 20 30
Crank Angle (2TDC)
149 ——GM-UW Experiment, SOI= -22 °aTDC 200
12 ===~ KIVA Simulation 1175
'
104 150 5
Q
s 125 &
@
6l 100 ¢
©
4 75 2
] 50 %
2 3
125 T
04
T f v i ; 0
30 20 -10 0 10 20 30

Crank Angle (aTDC)

rate results for the LTC diesel fuel

140



Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

Figure A-7: Experimental (solid) and simulatiomgtied) SOI timings pressure and heat release

14+

124

10

—— GM-UW Experiment, SOI=-36 ° aTDC]
—KIVA Simulation

14+

124

104

T T

T T
-30 -20 -10 0 10 20 30

Crank Angle (4TDC)

—— GM-UW Experiment, SOI=-32 ° aTDC]
—KIVA Simulation

SME100

144

124

104

T

T T T
-30 -20 -10 0 10 20 30

Crank Angle (4TDC)

—— GM-UW Experiment, SOI=-28 ° aTDC]
—KIVA Simulation

SME100 ]
Iv

-30 -20 -10 0 10 20 30

14

124

10

T T T

Crank Angle (2TDC)

—— GM-UW Experiment, SOI=-24 ° aTDC]
—KIVA Simulation

N

SME100

-30 -20 -10 0 10 20 30

P4
3 T 7 T

Crank Angle (2TDC)

+4150

200

-
~
o

,_\
a
<]
/

N
N
al

100

75
50

Heat Release Rate (J/9

25

200

175

125

100

75

50

Heat Release Rate (J/9)

25

200

175

150

125

100

75

50

Heat Release Rate (J/9

200
175

,_\
a
<]
/

Heat Release Rate (J/9

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

14-

124

104

—— GM-UW Experiment, SOI=-34 ° aTDC]
= KIVA Simulation

s

14+

124

104

T
-30 -20

Crank Angle (aTDC)

—— GM-UW Experiment, SOI=-30 ° aTDC]
= KIVA Simulation

N

SME100 -

144

124

104

T T

T T
-30 -20 -10 0 10 20 30

Crank Angle (4TDC)

—— GM-UW Experiment, SOI=-26 ° aTDC]
= KIVA Simulation

SME100 -

T T T T
-10 0 10 20 30

-30 -20 -10 0 10 20 30

14-

124

N

T T T

Crank Angle (2TDC)

—— GM-UW Experiment, SOI=-22 ° aTDC]
—KIVA Simulation

SME100 -

-30 -20 -10 0 10 20 30

T T T

Crank Angle (2TDC)

rate results for the LTC SME100 fuel

200

-
~
o

,_\
a
<]
/

-
N
al

100

75
50

Heat Release Rate (J/9

25

200

175

150

125

100

75

50

Heat Release Rate (J/9)

200

175

150

125

100

75

50

Heat Release Rate (J/9

25

0

200
175

,_\
a
<]
/

Heat Release Rate (J/9

141



149 ——GM-UW Experiment, SOI=-36 ° aTDC 200
12] KIVA Simulation 1175
__ 104 150
&
S & 125
[
g 6l 100
7]
(%]
[SR
[+
2,
0,
L e ST
30 20 -10 0 10 20 30
Crank Angle ( °aTDC)
149 ——=GM-UW Experiment, SOI=-32 ° aTDC7 200
12] KIVA Simulation 1175
__ 104 150
g
S & 125
[}
g .l 100
a 75
[
g 4
450
2,
o] pME20 |20
e . ——— 0
30 20 -10 0 10 20 30
Crank Angle ( °aTDC)
149 ——=GM-UW Experiment, SOI=-28 ° aTDC 200
12] KIVA Simulation 1175
__ 104
©
o
3 8
[
5 64
7]
3
g 4
2,
25
o] PME20
. : : . g 0
30 20 10 0 10 20 30
Crank Angle ( °aTDC)
149 ——GM-UW Experiment, SOI=-24 ° aTDC 200
12] KIVA Simulation 1175
__ 104 150
&
g &l 125
[
N 100
2 75
[}
& 4
450
2,
o] pME20 120
" < ; ; ; 0
30 20 -10 0 10 20 30

Figure A-8: Experimental (solid) and simulatiom$tied) SOI timings pressure and heat release

Crank Angle ( °aTDC)

)

Heat Release Rate (J/9 Heat Release Rate (J/9) Heat Release Rate (J.

1)

Heat Release Rate (J.

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

149 ——GM-UW Experiment, SOI=-34 ° aTDC 200

12] KIVA Simulation 1175
104 150 g
Q
gl 125 &
24
6l 100 ¢
®
75 @
“ 50 &
24 b
| I

o] pME20 120
————t e 0

-30 -20 -10 0 10 20 30
Crank Angle ( °aTDC)

149 ——GM-UW Experiment, SOI=-30 ° aTDC 200
12] KIVA Simulation 1175
150
125
100
75
50
25
M ; T 0
30 20 -10 0 10 20 30
Crank Angle ( °aTDC)
149 ——GM-UW Experiment, SOI=-26 ° aTDC 200
12] KIVA Simulation 1175
104 150
s 1125
6] 100
75
44
50
2,
25
O,
T ; 0
30 20 -10 0
Crank Angle ( °aTDC)
149 ——GM-UW Experiment, SOI=-22 ° aTDC7 200
12] KIVA Simulation 1175
104 150
5] 125
6] 100
75
44
450
2,
0] PME20 |2
" < ; ; ; 0
30 20 -10 0 10 20 30

Crank Angle ( °aTDC)

rate results for the LTC PME20 fuel

Heat Release Rate (J/9

(1

2

Heat Release Ra

1)

Heat Release Rate (J.

142



149 ——GM-UW Experiment, SOI=-36 ° aTDC 200
124

Pressure (MPa)

====KIVA Simulation

75
50

T T T
-30 -20 -10 0 10 20 30

14+

124

Pressure (MPa)

Crank Angle (4TDC)

125

100

,_\
a
<]
/

Heat Release Rate (J/9

—— GM-UW Experiment, SOI=-32 ° aTDC7 200
===<KIVA Simulation

T T
-30 -20 -10 0 10 20 30

144

124

Pressure (MPa)

Crank Angle (4TDC)

—— GM-UW Experiment, SOI=-28 ° aTDC7 200
===-<KIVA Simulation

-30 -20 -10 0 10 20 30

14-

124

Pressure (MPa)

Crank Angle (2TDC)

—— GM-UW Experiment, SOI=-24 ° aTDC 200
====KIVA Simulation

N
a
=]

125

100

75

50

Figure A-9: Experimental (solid) and simulatiomgtied) SOI timings pressure and heat release

-éO 30
Crank Angle (2TDC)

Heat Release Rate (J/9)

Heat Release Rate (J/9

1)

Heat Release Rate (J.

149 ——GM-UW Experiment, SOI=-34 ° aTDC 200
12 ===-KIVA Slmulauon. 1175
,=s
__ 104 150 g
g o
s 8 125 §
~ 24
2 6l 100 o

75 @
=] ] [}
o 4 50 24

2 g
25 T
04
T i . 0
30 20 -10 0 10 20 30

Crank Angle (aTDC)

149 ——GM-UW Experiment, SOI=-30 ° aTDC 200
12] ====KIVA Simulation 1175
__ 104 150 g
g °
S 8 125§
< @
2 6] 100 o
5 8
2 °
g 4 5 &
2 g
25 T
04
T : 0
30 20 -10 0 10 20 30
Crank Angle (aTDC)
149 ——GM-UW Experiment, SOI=-26 ° aTDC 200
12] ====KIVA Simulation 1175
__ 104 150 §
g @
s 8 112% §
= @
2 6] 100 o
5 &
a <
a4 0 &
2 3
25 T
04
T ; 0
30 20 -10 0 10 20 30
Crank Angle (aTDC)
149 ——GM-UW Experiment, SOI=-22 ° aTDC 200
12 === KIVA Simulation 1175
150 ©
— S
g @
g 125 &
~ @
o 100 o
2 @
™ &
o 24
50 =
[
25 T
T 1 . ; 5 0
30 20 -10 0 10 20 30

Crank Angle (aTDC)

rate results for the LTC SME20 fuel

143



144

124 ) 11000 & 124 ) -11000 &
= SCORE Experiment < —— SCORE Experiment e
KIVA Simulation Q 10 KIVA Simulation o
~ 10 > ~ 104 i 2
e 180 3 0F 800 3
IS ©
é 8 hd é 84 a4
g 1600 & g 1600 &
@ ) ) ] [}
@ 6 - < 2 6 ,’,,j <
= [v4 = e a4
o 1400 = o Vs 4400 =
5 4 I :
£ T s L/ I
3 2l \ 3200 E 3 2l 4200 @
g g
10 bar IMEP Q 12 bar IMEP Q
[ kel e 0 < O eE———— 0 <

30 -20 -10 O 10 20 30 40 50 .30 -20 10 0 10 20 30 40 50

Crank Angle (CAD) Crank Angle (CAD)
(@) (b)

129 —— score Experiment 71000 § 129 SCORE Experiment + 1000 :Q(‘
KIVA Simulation O KIVA Simulation ©]
= 107 1o 2 w107 1800 2
o 9 o %
2 8 & =3 8 04
[ [} <) i [}
rg 4600 b2 E / 600 s
[} ] [}
g 6 3 3 g 6 /,-/ T
o {400 % a S {400 %
3 44 o @ 44 ~ o
: : £ L7 s :
> 2] 1200 5 5 ] { \ {200
\ g g
14 bar IMEP ~— =3 16 bar IMEP o
O+—rrrrr e e e O < 0 T T i T T T T 0 <

30 -20 -10 O 10 20 30 40 50 30 -20 -10 O 10 20 30 40 50

Crank Angle (CAD) Crank Angle (CAD)

(© (d)

Figure A-10: SCORE conventional combustion pressund heat release rate predictions using
the new biodiesel strategy; load of (a) 10 barl@)par, (c) 14 bar, and (d) 16 bar IMEP

20+ —8— SCORE Experiment
18 = O - KIVA Simulation

161
144
12
10
8_
6_

NOx (g/KWh)

2]

0 T T T T
10 12 14 16

Load (bar)

Figure A-11: NOx emissions predictions for thef®CORE conventional combustion loads
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Appendix B: Mechanism Reduction Manual

Mechanism Reduction Manual

DRG Method and General Reduction Guidelines

Jessica Brakora
Engine Research Center
2012

This manual includes instructions for setting ug amning the automated DRG reduction code

and gives general guidelines for reducing mechasism
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B.1 Introduction

The Directed Relation Graph (DRG) method is a waydentify important species and
easily reduce very large detailed mechanisms. cbimeept is shown in Figure B-1. A control
species, “A”, is chosen. This could be any keycg®eof interest and is often important species
such as fuel, CO, or HO Once aontrol species is chosen, the DRG method will help identify
which species in the mechanism are strongly cougglétlat control species. In the figure, each
species is a node on the graph and an edge isdafraespecies significantly contributes to the
production rate of a key species. Species B dmutts to A, and would be kept. Also, species D
is strongly coupled to B, and would therefore bekdid to A as well. Species E and F are
strongly coupled to each other, but since neittfethem is a control species, they would be

removed.

™

0 }
®
()— )

Figure B-1: Schematic of DRG concept

The DRG method determines a species’ contributahé control species by considering
its contribution factor, rag. The user specifies a given tolerance for therdmrtion factor.
Species with contribution factors larger than tbierance are considered significant and left in

the mechanism. Species with lower contributioridiescare removed.
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r = Zi =1 ‘VA,ia)ldBi‘ (B-1)
AB,PDP max@®,,C,)
where

PA = Zi =11 max(o, I/A,ic‘)|)

Ca= Zi =11 maX(O'_VA,iw.)

The DRG method was applied in the Senkin prograrBR¢ alumni, Dr. Yu Shi. More
information regarding the inputs and structure leg Senkin program is available in the user

manual on the ERC Wiki under the Computational Reses section:

https://info.er c.wisc.edu/twiki/pub/ERC/Computational Resour ces/senkin3manual .pdf

B.2 Overview of Code

The automated code is run on Windows. Users cagpa constant volume, constant
pressure, or HCCI engine Senkin case and the cobenatically reduces very large detailed
mechanisms at the given conditions. Intermediaieiced mechanisms are tested against results
of the detailed mechanism. If specified error rmhees are not exceeded, a Senkin-DRG run is
repeated with an increased DRG contribution factdhe larger contribution factor is more
stringent, so fewer species will qualify as sigmafit, resulting in a smaller intermediate
mechanism. The reduction-check process continosautput error tolerances are violated or
there are no more species to remove. Figure Ba2sishematic of the process. The process is
completely automated and described in detaktmergy Fuels 24 (2010) pp 1646—-1654More

information can be found regarding the DRG reducpoocess in the following references:

* Luand Law,Proc Comb InsB0 (2005) pp1333-1341

* Lu and Law,Combust Flamé44 (2006) pp24-36

* Luand Law,Combust Flamé46 (2006) pp472-483

* Pepiot and PitscitCombust Flaméd54 (2008) pp67-81

» Liang, Stevens and Farreffoc Comb Inst32 (2009) pp527-534
e Turanyi:New J Cheml4 (1990) pp795-803
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B.3 Preparation

The original code was designed for HCCI cases ottlyvas adapted to include constant
volume (CONV), and constant pressure (CONP) as W&NIOTE: the CONP case has not been
thoroughly tested). HCCI has the benefit of tinepehdent changes in pressure and temperature
like those seen in an engine, but the CONP/CON\exagve results that are translatable to
engine cases, can be applied over a greater rdrogaditions, and are easily compared resulting

ignition-delay time against shock tube data, i§ ivailable.

Step 1: Choose a case type: CONV, CONP, or HCCI
(Specified in senk.inp input file)

Once a case type is chosen, the test conditions meushosen. Each DRG run creates a
reduced mechanism that is accurate for the testaeditton only. Strategically chosen DRG
conditions can result in mechanisms that are vidida wider range of conditions. High
temperature combustion requires few reactions tlaeefore fewer species are important in high
temperature conditions. If high temperature cood# are chosen for the DRG reduction
process, a very small mechanism will result, butvit be missing valuable species for low
temperature combustion. The same can be saidcfoiconditions. Unless you are reducing a
mechanism that will strictly be used under richditons (i.e., soot formation), it is beneficial to
choose stoichiometriopEl) or leaner. Stoichiometric is a good place tarts unless you are

specifically interested in optimizing for lean (j.eTC) conditions.

Step 2: Choose operating conditions
(Specified in senk.inp input file)
CONV/CONP: T=800-900K, P=40-60bar, ¢=0.5-1.0
HCCI: ¢=0.5-1.0, T and P are engine specific
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Users have the ability to control what determirfeani intermediate reduced mechanism
is “acceptable”. Ignition timing, as ignition dglame for CONV/CONP or CA50 for HCCI, is
automatically chosen as a test parameter. Thecasethen choose a thermodynamic condition
(peak pressure or peak temperature) and a chem@tidition (max heat release or peak species

mole fraction). These two parameters are spedifi¢de itapeCONST or itapeHCCI input file.

Step 3: Choose test paramters of interest
(Specified in itapeCONST or itapeHCCI input file)
“ikeytherm” thermodynamic property: 1=peakP, 2=peakT
“ikeychem” chemistry property: 1=maxHR, 2=peak species

It is recommended that you create one (1) direaboryour computer for the mechanism
(e.g., “Mechanism”), and two (2) directories on ya@memputer for your DRG reduction runs.
The first run directory is for the detailed meclsniresults (e.g., “Detailed”). The second run

directory will be for the reduction steps (e.g.egtRiced”).

*Note: Save a copy ddll the initial input files somewhere in case you wamnt

rerun from the beginning.

The next step is to run the detailed mechanismtlier case and conditions chosen
previously. Set up the input files according toe thFile Requirements and Input
Descriptions’ section. Instructions for setting up and runnihg code on Windows are found in

the “Preparing and Running the Code on Window’section.

Step 4: Run the detailed mechanism for the given ¢ onditions
(See Preparing and Running the Code on Windows section)

It is now time to prepare to reduce the mechanibapy thesenk.inp, save.birgand
chem.birfiles from theDetailed directory into theReduced directory. There should be a total of
10 files in theReduced directory (see thEile Requirements...section).
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Step 5: Copy detailed senk.inp, save.bin, and chem.bin files for reduced run
(See File Requirements... section)

Two additional files must be changed for the reductprocess. When the detailed
mechanism is run, results for the three chosenp@stmeters are printed to tkeyreduce.out
file. These values should be copied to ¢batrol.inp file in the Reduced run directory. Also,
error tolerances for these test parameters shaufpécified in the sanmmntrol.inpfile. These
error tolerances are the percent error for the mmtameters (i.e., ignition time, peak
temperature/pressure, and max HR/species) thaeised acceptable for the reduction process.

Higher error tolerances will allow more speciebéoreduced, at the expense of accuracy.

Step 6: Copy/paste detailed output and set errort  olerances
(Specified in control.inp input file)

The drgpca.inpfile contains inputs for the DRG method. Thetfilige is the DRG
contribution factor tolerance. A suggested valoethe DRG contribution factor tolerance is
1.0e-4. This is the initial tolerance value to decidspecies are important in the DRG process.
It is increased with successive DRG iterationsvahg fewer species in the reduced mechanism.

The two PCA method tolerances can be ignored.

Next, the user must choose key control specieshi®DRG method (species “A” from
the Introduction section). Any species of interest can be used, Hamrt it is recommended to
use the fuel, CO, and HQ@pecies. Other species may include soot precapsmies (e.g., £l,)

for soot mechanisms, or other important intermediat

Step 7: Choose control species for DRG analysis
(Specified in drgpca.inp input file)
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Finally, users must specify sample points for thBR@ analysis. Any number of
temperature or time/CA points can be chosen. Ei@H3 depicts the two options. At each

sample point DRG will be performed for each congijpécies.

2400, 2400,
2200 2200 %
< 2000 < 2000
@ 1800 % @ 1800
2 1600/ 2 1600/
& s K
@ 1400 @ 1400
Q. [«
£ 1200 k £ 1200
1000 iE — 1000/
800 X 80&4)(—)6-)()
11— 600——M — ——
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (s) Time (s)
@ (b)

Figure B-3: Identifying (a) temperature-basedmrtime-based sample points for DRG analysis

Step 8: Choose sample points for DRG analysis
(Specified in drgpca.inp input file)

Once all of the input files are ready, it is tinmeréduce the mechanism. In tReduced
directory, run theautoreduct.exexecutable according to the steps outlines irPtie@aring and
Running the Code on Windowssection. Depending on the size of the detailedhaeism, the
reduction process can take a few minutes to an.hd@urhistory of the reduction process is
printed to thehistory.datfile. The species/reaction data can be plottedlai to Figure B-4.
Error information is also available in this file.
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Figure B-4: History output from DRG analysis franstory.datoutput file

Once a reduced mechanism is created, it is impottaoheck that the new mechanism
continues to adequately predict other conditioRer example, if the initial CONV test was for
800K at 40bar, use the newly reduced mechanisr@KL and 1300K, and make sure there are
no large discrepancies at the other conditions.allSdiscrepancies, such as those shown in the
ignition delay time plot in Figure B-5, are accdi¢a As long as the general shape of the
ignition profile is maintained, slight rate condtajustments can eliminate small differences

between the detailed and reduced mechanisms.

— LLNL MD+MD9D mechanism

0013 _ _ pREmuIti + MD/MDD reduced
@ 1E-35
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= |
>
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Figure B-5: Example ignition delay comparison afedailed and DRG-reduced mechanism
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*Notes:

1. If you want to rerun a case, make sure you replheesave.bin, chem.bin and
drgpca.inp files. They are rewritten after eachegation.

2. If you rerun a case with different conditions, yaill need to start from the
beginning and rerun the detailed case as well. evislke to change the key
property tolerances in control.inp file (from thestailed mechanism's new

keyreduce.out file)

If users wish to further reduce the mechanism wiinual techniques, more information
is available in the Guidelines for Manual MechanReduction section. This section will also

cover rate constant adjustments.
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B.4 File Requirements

Mechanism directory, 3 files needed:

Executable

+ ckintp.exee CHEMKIN interpreter executable to create meckami
Input files

+ mech.dat detailed mechanism’s species and reaction in®dA format)
+ therm.dat- thermodynamic data for each species (NASA foymat

Detailed directory, 4 files needed:

Executable

+ senkauto.exe ERC single-zone Senkin code w/ DRG & PCA methods

Input files

+ senk.inp- Senkin input parameters

+ itapeHCCI- HCCI engine parameters (HCCI cases only) --or -
itapeCONST €ONV or CONP parameters (CONV or CONP cases only)

Output from Mechanism directory

+ chem.binr CHEMKIN linking file for detailed mechanism

Reduced directory, 10 files needed:

Executables

+ autoreduct.exe main driver

+ senkauto.exe ERC single-zone Senkin code w/ DRG & PCA methods

+ ckintp.exe interpretor executable (using CKLIB v4.2)

Input files

+ drgpca.inp- inputs for DRG & PCA methods

control.inp- input tolerances for mechanism reduction DRG@AANethods
senk.inp- Senkin input parameters

therm.dat- thermodynamic data to make new CK linking files
itapeHCCI- HCCI engine parameters (HCCI cases only) -- or -
itapeCONST €ONV or CONP parameters (CONV or CONP cases only)
Output copied from Detailed directory

+ save.bin simulation output file from detailed mechanisun r

+ chem.binr CHEMKIN linking file for detailed mechanism

+
+
+
+
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B.5 File Descriptions

Input File: senk.inp
This file is used by Senkin to specify the inittainditions for the simulations.

CONV Icase: CONV, CONP, VTIM=HCCI
PRES 60.0 linitial pressure (bar)
TEMP 700.0 linitial temperature (K)

REAC md 0.006776147 !species name, mole fraction
REAC 02 0.206717657
REAC n2 0.779945720

TIME 2.E-2 lamount of time to run simul ation (s)
DELT 5.E-5 Itimestep for simulation

END

#for phi=1.00 case Inote to keep track of input conditions

Input File: itapeHCCI (for HCCI cases only)
This file is used by Senkin in HCCI cases to speiti€ time-volume information, and the output
needed for the DRG calculations and post-processing

12.6 ICR

84.57 ITDC volume [cm”3]

-158.0 IIVC [deg. ATDC]

122.0 IEVO [deg. ATDC]

1200. Irpm [rev/min]

10.2 bore [cm]

12.0 Istroke

19.0 Iconrod

0 liskwallheat

0 linitial cond flag (iskegr): O=senk.i np; 1=simple EGR;
2=fuel mass & PRF

1 1# of fuel species (list name(s) and mw below)
‘fuelname’ 46.06952

1.4e6 IP_bdc for isfc calc [dyne/cm”2]

2.2e6 IP_exh for isfc calc [dyne/cm”2]

0.5 lefficiency of expansion stroke, isfc calc [-]

0 Iflag for DRGEP

0 Iflag for PCA

1 likeytherm: thermo property; 1=peakP, 2=peakT
1 likeychem: chem property; 1=maxHR, 2= peakspec
h202 Ikey spec: key species to monitor

2 lispecies: 0=off,1=massfrac,2=mole fr ac,3=mass,4=mass/mass_f
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Input File: itapeCONST (for CONP or CONV cases only
This file is used by Senkin in CONV/CONP casespecy the output needed for the DRG
calculations and post-processing.

1 Infuels: number of fuels in simulation
‘fuelname’ 186.29679
0 liDRG
0 liPCA
1 likeytherm: thermo prop; 1=peakP, 2=peakT
2 likeychem: chem prop; 1=maxHR (HCCI), 2=pe ak species
h202 !key species name
2 lispecies: 0=off, 1=mass frac, 2=mole frac ,
3=mass; 4=mass/mass f

Input File: control.inp
This file is read by AutoReduct.exe to ensure thes mechanism is within given tolerances.
*Note: The input file cannot contain comments H wioduce an error

0 IBeginning generation number

0.10 lignition time tolerance, % of deg (HCCI) or sec
(CONV/CONP)

0.03 IThermo property tolerance (pe ak P or peak T), %
0.03 IChem property tolerance (max HR or peak spec), %
-11.167596 lignition time from detailed m ech simulation
12.875095 Ithermo property from detailed mech simulation
2595.506453 Ichem property from detailed m ech simulation

0 10=DRGEP method only, 2=PCA me thod only, don't use 1

Input File: drgpca.inp
This file is required for the Senkin program to B®RG and PCA analyses. *Note: The
tolerances are overwritten each generation (keepps of the original one for future restarts).
This input file cannot contain comments - will puoeé an error.

1.0e-04 !Tolerance for DRGEP

1.0e-02 !Tolerance 1 for PCA
1.0e-02 !Tolerance 2 for PCA

3 Inumber of control species to consider ( list names below)

fuel

ho2

co

6 Inpoint, number of check points

3 Incontrol, property of the check points, 1=time, 2=crank angle,
3=temperature

600.000000

800.000000

1000.000000
1200.000000
1500.000000
2000.000000
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Output Files:
After the reduction process is complete, you wallé the following output files

— keyreduce.out output file needed for DRG
— save.bin- complete, binary output file (like otape9 in &)v
— rest.bin- restart file
— tign.out- ignition output (information is also in summanyt)
— summary.out summary of important information (below)
*  Tintial (K), Pnita (MPa), Ignition Delay (S), Ra(MPa) Tpeak(K), Peak
Species (mole fraction), Total Energy (J/cm3), MHX (J/cm3)
— history.dat- history of reduction process;
= jteration number, number of species and reactidokrances, key
property outputs, and errors for each iteration
— species.dat only output if ispecies>0 in itapeCONST/itapeHCC
= outputs mass frac, mole frac, mass, or species/fuaksiass for each
species in the mechanism.
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B.6 Preparing and Running the Code on Windows

The automatic DRG reduction program will only wark Windows. Use Compaq Visual Fortran
to compile and debug the code

B.6.1 Compiling Code with Compagq Visual Fortran

1. Install MS Visual Studio for C complier environmentCVF
a. Get from /plague/Microsoft_Visual_Studio_6.0 (disk&tup”)
b. You do not need MSDN library

2. CVF settings: Project > Settings... dropdown méAll Configurations”
a. Fortran tab:
i. "Fortran Data" (dropdown menu) set Default Realdin8
il. "Run time" uncheck Array and String Bounds

3. Inthe AutoReduct directory, open autoreduct.dsw
a. Under the FileView tab, highlight "autoreduct files
b. Go to Build > Build autoreduct.exe
c. Copy autoreduct.exe in AutoReduct/debug to workimgctory

4. In the Interp directory, open ckintp.dsw
a. Under the FileView tab, highlight "ckintp files"
b. Go to Build > Build ckintp.exe
c. Copy ckintp.exe in Interp/debug to working diregtor

5. In the SenkAuto directory, open driver.dsw
a. Under the FileView tab, highlight "driver files"
b. Go to Build > Rebuild All
i. (2 errors may show up, but they can be ignored)
c. Move senkauto.exe from SenkAuto/debug to workimgaory
i. (may need to rename "SenkAutoOrig.exe" to senkex&).
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B.6.2 Running the Code on Windows

1. Open a command window
a. Goto: Start > Run...
b. Type "cmd" and hit [OK]

2. Create linking file in a separate Mechanism dirgc{start with the detailed mechanism)
a. Ensure the mechanism file is named "mech.dat"
b. Ensure the thermo data file is named "therm.dat"
c. Run ckintp.exe using cmd
i. In the command window move to your working diregt¢cd "directory
path")
ii. Type the executable name "ckintp.exe" to run
d. Check mech.out to ensure no errors occurred

3. Create detailed mechanism output by running seokexg with DRG & PCA turned off
Create a separate directory for the detailed meshnarun
Copysenkauto.exeehem.binsenk.inp anditapeCONST/itapeHCQDb directory
In itapeCONST/itapeHCCEet the flags for DRGEP and PCA to zeros
Runsenkauto.exan cmd
i. In the command window move to your working diregt¢cd "directory
path")
il. Type "senkauto.exe 0" to run *OR* "senkauto.exe 0 >filename" to run
and save screen output to a file
1. The "0" ensures that a new save.bin is generated

apop

4. Create reduced mechanism by running autoreducivéReDRG
a. Go to the Reduced run directory
b. Copy chem.bin senk.dat and save.binfrom Detailed directory to the Reduced
directory
c. Copy/paste the data from the detailed riur\greduce.outfile to control.inp
d. Checks: ensure that
i. 10 files are present in the main directory
ii. Tolerances are correct @ontrol.inpanddrgpca.inp
iii. The last line ircontrol.inpis set to use DRG ("0")
iv. DRG flag initapeCONST/itapeHCUs turned on ("1")
v. PCA flag initapeCONST/itapeHCUs turned off ("0")
e. Run autoreduct.exe using cmd
i. In the command window move to your working diregt¢cd "directory
path")
ii. Type the executable name "autoreduct.exe" to run
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5. Further reduced the mechanism using the PCA mdthmtcbnal -- not thoroughly tested)

a.

b.

o

@~oo

After the DRG case has finished, check the histiartyfile
i. Find the last generation number (e.g. 15)
Rename chem_gen#.bin and save_gen#.bin from lastaen to chem.bin and
save.bin
Change the first line inontrol.inpto the next gen number (e.g., if last generation
is 15, this number would be 16)
Change the last line itontrol.inpto use PCA ("2")
Ensure that the DRG flag itapeCONST/itapeHCds turned off ("0")
Ensure that the PCA flag itapeCONST/itapeHCds turned on ("1")
Run autoreduct.exe using cmd
i. In the command window move to your working diregt¢cd "directory
path")
ii. Type the executable name "autoreduct.exe” to run

B.6.3 Troubleshooting

If the code doesn't reduce (fails on first reduttio
1. Increase the % tolerancesdontrol.inp
2. Make sure the property checkpointsingpca.inpare correct
3. Make sure you copied the detaileglyreduce.outo control.inp
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B.7 Checking Output for a Range of Conditions

Once a reduced mechanism is generated, it is igpotd check the results against the
detailed mechanism for a range of conditions. @arent hades/elephant batch files are
prepared to create ignition delay plots using Seakid GNUPLOT.

The IgnitionDelay directory is the working directory for ignition ldg runs. It contains
several directories used for general ignition detaynparisons, as well as the rate constant
sensitivity analysis that will be explained latehe following directories are available by
default:

» Batch: batch files for automatically running the codel gotting results

* Common: the Senkin executables and itapeCONST files

» Detail: ignition delay output for the detailed mechanism

* GNUPLOT: GNUPLOT plotting files to used to plot the result

* Mech: CHEMKIN interpreter, mechanisms and thermo di¢déa

o P## Senkin input files (senk.inp) for P=## generaisohg thematlabINP.m
batch file

B.7.1 Setting up the Input Files using Matlab Script

The first step is to set-up the senk.inp files thoe conditions of interest. A matlab script is
already set-up to create input files for a giveel fand T-P¢ conditions.

Note: Matlab is not on elephant, must be run fradds or condor
1. Copy thematlabINP.nfile from Batch to P## (renamed to your pressure of interest).
2. Set up thenatlabINP.nfile for your fuel:
a. Change the equivalence ratio and temperature rasmgeeded
b. Change the 'name’ array to match the name of #idram mech.dat
c. Change the nc, nh, no values to match your fuelpasition
d. Change the 'descrip’ to your fuel name (can dfffan mech.dat)
e. Change the fracmix value for the fuel(s) of intéres
. To create senk.inp files:
. From hades:
a. Type: matlab (initiates Matlab GUI)
b. From the command line, type: matlabINP
5. From condor:
a. Type: ssh condor
b. Login with user password
c
d

W

. Type: matlab (initiates Matlab command line only)
. From command line, type: matlabINP
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B.7.2 Change Input Files for the Fuels/Conditions of iat#

The following batch files and plotting files areadtable:

» batchID-2mech runs reduced/adjusted mechs for 3 equivaleraesralots vs. detailed
* batchlD-1mech runs reduced mechanism for 3 equivalence ratioss vs. detailed

» batchID-detail creates output files for detailed mechanism

» batchSENS-alruns/plots results for 2 reaction rate adjustméattivation energy = 0)
* batchSENS-afruns/plots results for six reaction rate adjlesits

* matlabINP.m creates senk.inp input files

* ign-sensAB-FUELNAME.plplotting file for use withhatchSENS-ab

* ign-sensAF-FUELNAME.plplotting file for use withhatchSENS-af

* ign-FUELNAME-1mech.plplotting file for use wittbatchID-1mech

* ign-FUELNAME-2mech.plplotting file for use wittbatchID-2mech

These files must be changed for the new fuel amdadimg conditions. For instance, the
file batchSENS-af currently set up for “MD” fuel ap= 1.0 (i.e., “PHI100") and P=40 bar (i.e.,
“P407).

VI Tip: If using VI for text editing, it is easy to replaa# instances word/phrase
with new text. In the expression below, the “Is&jnifies replacing text in line 1
to the last line. These values can be changedffereht numbers if a smaller
range of lines need to be changed. The “g” sigsifjlobal replacement; if not
included, the text will only be replaced to thesarrpoint.

: 1, $s/ ol dt ext/ newmt ext/ g

It is also necessary to change itape CONSTile found in theCommon directory for the

given fuel. Copy the followinghech.dafiles to theMech folder in thel gnitionDelay directory.

» detailed mechanism file: renameugkch-detail.dat
» original reduced mechanism file (no adjustmentyamednech-1.dat
» adjusted reduced mechanism file (optional): renamech-2.dat

You will want to have results from the detailed maaism to compare the reduced and
adjusted mechanisms. There are two options. &aterSenkin output similar to those of the

reduced/adjusted mechanisms, simply submit thehbidee namedbatchID-detailon hades or
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elephant. This may take several hours to run déipgron the size of the detailed mechanism.
It will create output for three equivalence rati@5, 1.0, 2.0) and one pressure (default of
P=40bar). Alternatively, if ignition delay informan is already available, the GNUPLOT
plotting file can be changed to read in a diffefeninat for the detailed mechanism.

B.7.3 Running the code

Once the input and mechanism files are createdl@tatch/plotting files are changed,
the code is ready to be submitted. Figure B-6 shewample plots that are created using the
batchlD-1mechandbatchID-2mecHiles. These are not high-quality, publishabletgldout can
be used to quickly assess the quality of the rediaoel/or adjusted mechanisms.
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Figure B-6: Example ignition delay results from l§atchiD-1meckand (b)batchlD-2mech
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B.8 Guidelines for Manual Reduction

B.8.1 Isomer Lumping

Large-chain species often decompose into manyrdiffeisomers. Isomers are species
that share the same number of C-H-O elements amarily difference is the location of the
radical site (where an H was abstracted). Oftey 8hare similar thermodynamic data as well.
Figure B-7 depicts an example of fuel decomposiinda 10 isomers.

mdxj md9 md8j md7j md6j md5] md4j md3j md2j mdmij
I I

[+
t ! ﬁ M’Il\o/
x99 8 T 6524 321 m X908 T 654 321 m

Figure B-7: Example of fuel decomposition to saVé&omer species

The DRG method above does not account for isoraaspften, after DRG is performed
on large mechanisms, several isomers will remaifihe first step in manual mechanism
reduction is to identify isomers in the mechanisithe mech.ouffile is a good place to start.
The top of the file lists the species and elemantsach species. Isomers can be identified by
their “element count” or molecular weight, and afteave similar species names with numbers
signifying the different radical sites (e.g., m@d@/md9d&%o2 and c4h8ooh2/c4h8o0h13).
Figure B-8 shows an exampieech.ouwith three isomer groups highlighted.
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SPECIES MOLECULAR TEMPERATURE ELEMENT COUNT
CONSIDERED WEIGHT LOW HIGH hconar
97. md9d202 G 0215.27168 300.0 5000.0 1911 400
98. md9d602 G 0 215.27168 300.0 5000.0 1911 400
99. md9d802 G 0215.27168 300.0 5000.0 1911 4 00
100. md9d2o0h G 0216.27965 300.0 5000.0 2011 400
101. md9d6ooh G 0216.27965 300.0 5000.0 2011 400
400

102. md9d8ooh G 0216.27965 300.0 5000.0 2011

' 121. c4h8oohl-2 G0 89.11513 300.0 5000.0 94200
122. c4h8oohl1l-3 G0 89.11513 300.0 5000.0 94200
123. c4h8oohl-4 G0 89.11513 300.0 5000.0 94200

Figure B-8: Head of mech.out file highlightingelerisomer groups

B.8.2 CHEMKIN Pro Reaction Pathway Visualization

Once isomer groups are identified, a user can USEMKIN Pro to identify which
isomers make the largest contribution to the rdaduction of key species. CHEMKIN Pro is

available in the software directory of the ERC’adrle server.

Set up a “Closed_Homogeneous (C1)” run with thed@t@ns of interest. Once the run
is performed, a pop-up screen will ask how you wardnalyze the results. Choose “Analyze
Reaction Paths” and “Next Step...” A new screenywshm Figure B-9, will display the results
in graphical format, with several important funciso More information about the functions is
available in the CHEMKIN Pro Visualization User Maat.
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Figure B-9: The Analyze Reaction Pathways windoWCHEMKIN Pro

The five main elements of interest are describefdlb®vs:

a. Reaction Path Diagram: shows the connection afiep®f interest

b. Rate of Production (ROP): displays ROP for spedigghlighted in the
diagram window

c. Species Selection: choose the beginning and ergpegies in the diagram
window

d. Max Species Count: limit/expand the number of mseshown in the
diagram window

e. Data Point Display Graph: shows the reaction hysaind allows users to
choose a different point to view in the diagram aaw

On the Display Graph, choose a time or temperatiaser to ignition by clicking on the
graph itself, or entering a new time/temperaturthenboxes below. The Reaction Path Diagram
will change accordingly. Then highlight (click otie fuel species in the Reaction Path Diagram
window to display its Rate of Production informatiat the bottom of the page. As seen in
Figure B-10, the ROP section becomes a bar grapisp the consumption and production of

the fuel species, with all of the reactions relatethe fuel shown to the left.
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The first 10 reactions (with pink bars) listed ilglre B-10 are reactions of the isomers
of the fuel MD. It is seen that many of them hadentical ROP values and one species is
clearly the dominant pathway. This species shis@ckept. The user can then test removing
several of the other isomers by commenting themrotite mechanisrmiech.dafile). To start,

one isomer should be kept from each group of idahROP values.
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Figure B-10: Rate of production analysis using GHEN Pro

When the isomers are commented, the ignition dedayparison should be repeated over
a range of conditions to ensure there are no nudganges with the isomer removal. If the user
is satisfied, the DRG process can be repeated thih new mechanism as the “detailed”
mechanism. This will eliminate many of the intediae species that were once connected by
the removed isomers. This process of removing é&enthecking ignition delay, and rerunning

DRG can be repeated until a mechanism of desimsdagiaccuracy is found.
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B.8.3 Reformatting the Mechanism

Most mechanisms, particularly those developed bwreace Livermore National Lab
(LLNL), have a very consistent structure. Henryr@n, who developed one of the first detailed
n-heptane mechanisms, identified 25 reaction céas3dat mechanism, along with many others
and their respective papers, can be found on tidLLwebsite:

https://www-pls.IInl.gov/?url=science and technology-chemistry-combustion-mechanisms

It is advisable to rearrange the mechanism andpgtio@ reactions into these classes. It
will be easier to see the reaction flow from fuetdmposition to lower-level intermediate
species. It may also be helpful in identifying ethedundant species (non-isomers) that can be
removed. An unlimited amount of comments can lwduged in themech.datfile to make it

clearer. Use a “I” to make a comment.

B.8.4 Reaction Rate Constant Adjustments

Removing a significant amount of species and reastirom a mechanism can change
the ignition delay time and species histories. lRed mechanisms have the advantage of being
“engineering tools” and it is understood that thisreome degree of estimation. We are able to
adjust rate constants for some reactions to acctmunthe removed species/reactions. This
section describes a strategic method for identfyeay reactions and adjusting reaction rates.

Early work of Charles Westbrook, in the papememical Kinetics of Hydrocarbon
Ignition in Practical Combustion Systems, outlined important reactions for low-, intermedia
and high-temperature combustion kinetics.
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High Temperatures (>1200K)
H+02=0+OH

Intermediate Temperatures (850K>T>1200K)
H+02+M=HO2+M
RH + HO2 =R + H202
H202+ M=0OH + OH + M

Low Temperature (<850K)
R+02+M=RO2+M
RO2 = QOOH
QOOH = Q + HO2
QOOH = QO + OH
QOOH + 02 = 02QO0H

Reactions for lower-level carbon species &ad lower) and the H-O species should not
be adjusted. These sub-mechanisms have been widlehated. Rate constants related to the
fuel of interest are open for adjustment. The tieas listed above from Westbrook are a good
start, but there are several other options. Ais@s important establish a systematic way to
identify and adjust reactions.

CHEMKIN uses an Arrhenius expression to determiveeforward rate constant;;ik In
Equation 1, Ais the pre-exponential factor; 5 the temperature exponent, andi& the
activation energy for thé"ireaction. The variables T and Bre the temperature and universal
gas constant, respectively.

_El

kf,i = Ainiem (B-Z)

The three parameters, A, b, and E, are given imtbeeh.daffile. The pre-exponential
factor, A, is directly related to the rate constamtd increasing A will increase the reaction rate
equally over the entire temperature range. Fidg#EL(a) shows the effect of increasing and
decreasing A by an order of magnitude. The actimaenergy, E, is essentially an energy
barrier, and is therefore negative in the Arrhergypression. It is also temperature dependent.

As a result, changes to E, indirectly effect the @nstant, and change the slope of the curve so
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that its effect is greater under different tempa@tconditions. Figure B-11(b) shows the effect
of increasing and decreasing the activation endrgy?20%. Note that the reaction rate is

increased/decreased by over an order of magnitusieO&, and less at high temperatures.

Reaction Rate Sensitivity Reaction Rate Sensitivity
e Original -==--AXx10 Ax0.1 e Original ==-=-E +20% E-20%
1.E+10 1.E+09
1.E+09 1.E+08
1.E+08 1.E+07 -

+ 1.E+07 - + 1.E+06 -
§1.E+06 ] ‘E1.E+05 ]
G 1.E+05 - G 1.E+04 4
£ 1.E+04 - £ 1.E+03 -
© 1 E+03 | © 1 E+02 -
1.E+02 - 1E+01 o,
1.E+01 4 md6o2=md6oohsj 1.E+00 |/ md6o2=md6oohsj
1.E+00 +——— ; — — 1.E-01 — ; — —
500 700 900 1100 1300 1500 1700 1900 500 700 900 1100 1300 1500 1700 1900
Temperature (K) Temperature (K)
(a) (b)
Figure B-11: Effect of adjusting the (a) pre-exeotial factor and (b) activation energy rate
parameters.

To assess the sensitivity of a given reactionyai@ adjustments will be made according
to Table 1. Figure B-12 displays how the rate tammtsof an example reaction is affected by
these adjustments. The pre-exponential factooigokbd and halved and Figure B-12(a) shows
that the entire rate constant shifts up and dowrakkg The activation energy is increased and
decreased by 20% in Figure B-12(b) and (c), respaygt For activation energy adjustments,
the two extreme values of A (matching the originale constant at the 500K and 2000K
temperature points) provide suggested limits fer phe-exponential value. These limits allow
some change to the rate constant slope, but keepatle constant within about an order of
magnitude of its original value. Any value of Anclhe used within these two limits. In general,
there is less confidence in the pre-exponentialofagalue, and therefore a larger range of

adjustment is allowed.
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Table B-1: Rate parameter adjustments for ratstamn sensitivity analysis

Pre- Activation
Exponential Energy
(A (E)
a x 2.0 -
b x 0.5 -
adjust to match
c 4 x1.2
base at 2000K
adjust to match X 1.2
base at 500K '
adjust to match
e 4 x 0.8
base at 2000K
adjust to match
! x 0.8
base at 500K
Reaction Rate Sensitivity Reaction Rate Sensitivity Reaction Rate Sensitivity
e original —-a —-b e Original —_-cC d e Original - -e f
1.E+09 1.E+10 1.E+09
1.E+08 1.E+09 4 1.E+08
1.E+07 | 1.E+08 1 1.E+07
£ 16406 | E1.E+O7 £ 1£406
] % 1.E+06 2
s 1.E+05 g 05 £ 1.E+05
(&) o o
%1.E+04 1 21404 | %1_E+04 ‘
© 1 E+03 2. 03 | o 1.E+03
1.E+02 1.E402 1.E+02 {
1E+01 1 md6o2=md6oohs; 1E+O1 {1 mdeo2=md6oohs; 1E+01 { mdeo2=md6oohs;
1.E+00 T T T T T T 1.E+00 T T T T T T T 1.E+00 + T T T T T T T
500 700 900 1100 1300 1500 1700 1900 500 700 900 1100 1300 1500 1700 1900 500 700 900 1100 1300 1500 1700 1900
Temperature (K) Temperature (K) Temperature (K)
(a) (b) (c)

Figure B-12: Effect of reaction rate parameteuatipents from Table 1

The Excel fileReactionRateSensitivity.xIgound in theSourceCode directory) is set-up
to automatically calculate new reaction rate patamealues to assess the sensitivity of a given
reaction. Simply copy/paste the reaction rate rpatars into th&RateSensitivityab and copy
the new parameter values into thech.dafile. Then, rename the mech.dat file accordinthto

adjustment made (e.gnech-a.dgtand repeat the process for the other adjustments.
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Once all of the adjusted mech.dat files are creatb@ sensitivity batch file
(batchSENS-afcan be used to create ignition delay plots thairsthe effect of the parameter
adjustments. Note that some reactions have veryl smzero activation energy values. In these
cases, only the “a” and “b” adjustments to the gxpenential factor need to be performed.

Directories are already set-up in thgnitionDelay directory. Copy the following

mech.dafiles to theMech folder in thelgnitionDelaydirectory.

« original reduced mechanism file (no adjustmentx)amednech-1.dat

« six adjusted mechanism files: renanmeeich-a.dato mech-f.dat

Change the batch files, as mentioned previouslgctount for the new fuel/conditions of
interest. Then submibatchSENS-afor batchSENS-abf the reaction of interest has E=0).
Figure B-13 shows an example plot of the sensytigfttested reaction rate constant parameters.
It can be seen that this particular reaction ig/weportant for low temperatures. Repeat this
process for several other reactions to identifychlrate parameters should be adjusted, and how

much to adjust them to achieve the desired igntiielay time.

Ign Delay Sensitivity, HD

-~ 18'\-1 - r 1~ 111171 E .
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1000/T

Figure B-13: Example ignition delay curve showregction rate parameter sensitivity
according to the adjustments shown in Table 1.
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Appendix C: Gasjet Inconsistencies

This appendix is dedicated to the inconsistenciseiwved using the Gasjet model. This
model was applied throughout this work and onlgrddbund to cause excessive vaporization.
The conclusions made throughout the previous aisatls not change, however, different input
conditions are required to overcome the decreaapdrization. In the cases that were repeated,
the simulations with the Gasjet model turned ofbduced results that were closer to
expectations. Particularly with respect to fuepingement in the LTC cases using the GM
engine.

The in-cylinder images shown previously did noticade any fuel on the piston.
However, once the Gasjet model was turned off,tald® amount of fuel impingement occurred.
Figure C-1 shows in-cylinder spray images for tiid 8ming of -30 aTDC. Vaporization was
very poor from the wall, as seen in Figure C-2, &nel remained on the piston into the
expansion stroke for both SME100 and diesel fuklshould be noted that the experiments
reported that a film developed in the combustioancber throughout the runs with the SME100
fuel, requiring that the chamber be cleaned. Fhigests that a notable amount of impingement

was occurring.
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SME100 fuel, SOI = -30° aTDC SME100 fuel, SOI = -30° aTDC Diesel fuel, SOl =-30° aTDC Diesel fuel, SOl = -30° aTDC
CA =-18°aTDC CA =-10° aTDC CA =-18°aTDC CA =-10°aTDC
Fuel Mass Fraction Fuel Mass Fraction Fuel Mass Fraction Fuel Mass Fraction
——— | | — | | — ] | — ]
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Figure C-1: In-cylinder depiction of fuel impingent for (a) SME100 and (b) diesel fuels at the
-30° aTDC SOl timing condition
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Figure C-2: Fuel vaporization from the 230rDC SOl timing with (a) Gasjet model on and (b)
Gasjet model off

The same SOI timing case was repeated with chgmigtned off to investigate the

spray. While the problem is exaggerated for thelieisel, the issue is not restricted to the multi-

component model. The same effect is seen foresioginponent diesel fuel as well. Figure C-3

compares the effect of the Gasjet model on injactibaracteristics. For each fuel, the total

number of parcels remains low when the Gasjet m@daked, and the parcels are very small

(below 2um) for each fuel. These small parcels vaporizekdyi which results in decreased

liquid penetration.
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Figure C-3: Effect of Gasjet model on (a) fuelgehicount, (b) parcel SMD, (c) and liquid
penetration for non-reacting injections into the @Myine for SME100 and diesel fuels
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When the Gasjet model was turned off, a new sehmit conditions was required for
both fuels in order to reproduce the ignition aredfgrmance of the experiments. The new
inputs for diesel and SME100 are listed in Tabl& @ad Table C-2, respectively. The most
notable difference is in the EGR %. The simulaionth Gasjet on required high EGR to
reduce the reactivity of the excessively vaporiiezdls. When Gasjet is turned off, less EGR is
needed. It should be noted, however, that theidsetl cases required much more @wer
EGR) in order to improve the reactivity and overeothe much decreased vaporization. The

emissions and fuel consumption results did notisagmtly change with these new conditions.

Table C-1: Initial conditions for diesel LTC SQrhings with Gasjet model turned off

SOl IVC IVC EGR
Timing Pressure Temperature Percent
(° aTDC) (bar) (K) %
-36 1.919 360 73
-34 1.915 360 70
-32 1.909 360 69
-30 1.912 360 69
-28 1.917 360 69
-26 1.918 355 70
-24 1.909 360 70
-22 1.909 355 70

Table C-2: Initial conditions for SME100 LTC SQrhings with Gasjet model turned off

SOl IvC IvC EGR
Timing Pressure  Temperature Percent
(° aTDC) (bar) (K) %
-36 1.918 370 68
-34 1.926 360 66
-32 1.933 360 63
-30 1.920 360 62
-28 1.922 360 62
-26 1.922 360 63
-24 1.918 365 64

-22 1.930 365 64
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It was later noted that the standard Gasjet cotsstaare used in the GM engine cases,
including a “dismax” value of 2.25. The dismax stant specifies the distance (in cm) that the
Gasjet model is applied and it should not exceedlibtance that the spray would travel from the
nozzle to the bowl. Since the bowl radius is aslightly longer than 2.25 cm, a smaller value of
1.0 cm was applied to see if this would improve eawh the Gasjet inconsistencies described
previously. Figure C-4 compares the fuel penatmagiredictions using the two dismax values.
The shorter value does improve the penetratioowally some fuel to hit the piston bowl as

expected.

Baseline, SOI = -30° aTDC Baseline, SOI = -30° aTDC Baseline, SOl = -30° aTDC
CA =-18°aTDC CA =-13"aTDC CA =-8°aTDC
Fuel Mass Fraction Fuel Mass Fraction Fuel Mass Fraction
| — | | — | | — ]

0.00000 0.00050 0.00100 0.00150 0.00200 0.00000 0.00050 0.00100 0.00150 0.00200 0.00000 0.00050 0.00100 0.00150 0.00200

- -2 -

(a)
GJ cnst, SOl =-30° aTDC GJ cnst, SOl = -30° aTDC GJ cnst, SOl =-30° aTDC
CA =-18°aTDC CA=-13"aTDC CA =-8°aTDC
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Figure C-4: In-cylinder fuel penetration predictiofor the -30aTDC SOI timing for SME100
fuel (a) using the standard Gasjet constants aneducing thelismaxconstant from 2.25 to 1.0

As shown in below, the injection characteristicsravemproved by providing a more

appropriate dismax parameter. The parcel dianfag6EMD) is still excessively small at early
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crank angles, but the number of parcels and ligq@detration are closer to the predictions of

simulations with the Gasjet model off.
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Figure C-5: Effect of decreased Gasjet model @msdismaxon (a) fuel parcel count, (b)
parcel SMD, (c) and liquid penetration for non-tt@&ginjections into the GM engine for
SME100 and diesel fuels

These improvements only apply to the injection, &e&v. The combustion performance
was not changed with the new dismax, as shownguar€iC-6. As such, the SOI timing sweep
was not repeated with Gasjet on and the new GXamnsHowever, future simulations should
Additionaltige drastic reduction in parcel diameter

include this more appropriate value.

caused by the use of the Gasjet model should lesiigated.
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consumption for -30aTDC SOl timing using the standard Gasjet constant! a reduced
dismax
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Appendix D: ERC-MultiChem+Bio Mechanism

ICombination of ERC-MultiChem and reduced MD/MD9D m echanism
12012 PhD thesis, Jessica L. Brakora
IUniversity of Wisconsin-Madison
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lilb c2h3cho c3h6cho cychexene

I-ethanol species------------=---=-smmemmmmmeeeeee e
lilb c2h50oh ch3choh ch3ch2o0 ch3cho




I-dMEe SPECIES------m-=mmmmmmmmmmmmm e e

lilb ch3och3 ch3och2 ch3och202 ch3och2o0 ho2ch 2ocho
lilb hoch2o hco2h  hco2

I-prf+mb species----------mmmmmmemeeeeeee e

lilb ch2acho ch2co ch302 ch302h

I-mb SPECIES------mmmmmmmmmmmm e e

ch2cho ch2co ch3oco c2h3co
lilb ch3oco c2h5cho c2h3co

lilb mb mb2j mb2o mb200
lilb mb2ooh4j me2*0 me2j*o

lilb mp2d  mp3j2*o

I-c14 pathways Species-------------=-=--mcmeceeeee e

lilb c14h30 c14h29 cl14h2902 cl4ketl2 cl12h25co
ljlb c5h10 c4h7 c4h70 ch3co
lilb c12h25 c12h23

I-S00t SPECIES---------==mm-mmmmmmmmmmmeeeeeeeeee e

Isoot c7h8 c10h22 c12h26 c16h34 c18h38

I-md+md9d (biodiesel) species------------m---mme=== e

I-- md species --
md
md6; md6o2 md6ooh8] mdket68 c2h5cho c6hl12- 1 c8hl7-1

I-- md9d species --
md9d
md9d6j md9d6o02 md9d6ooh8j md9dket68 c2h3cho c6h10- 15 msé6d

I-- common biodiesel species --
mf5) mf502 mf500h3] mfket53 mp3oxo
ms60x07] mb4j me2j

I-- generic biodiesel species for DMC --
mpalm mstear molea mlinl mlinln nc7bio

I-eMiSSIONS SPECIES-------mmmmmmmmmmmmmmmcmeeeeee e

n n2o0 no no2
nox
soot
end
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reactions

lilb ic8h18+h=c8h17+h2

I #2

ljlb icBh18+oh=c8h17+h20

I #3

ljlb icBh18+ho2=c8h17+h202
L #4

ljlb icB8h18+02=c8h17+ho2

I #5

ljlb c8h17+02=c8h1700

| #6

ljlb c8h1700+02=ic8ket21+0h
L #7

ljlb ic8ket21=ch20+c6h13co+oh
| #8

ljilb c6h13co=c4h9+c2h4+co

I #9

lilb c4h9=c3h6+ch3

I #10

lilb c8h17=c3h7+c2h4+c3h6
I#11
Ic8h17=c2h5+c3h5+c3h7

I- connect fuels

4.380e+0

3.471E+0

2.228e+1

2.219e+1

1.053e+1

1.740E+1

1.784e+1

4.920E+1

4.560e+1

2.161E+1

1.409E+1

ljlb ic8h18+c7h15-2=nc7h16+c8h17
!

5.012e+1

I#1

nc7hl16+h=c7h15-2+h2
Inhep/diesel

I#2

I nc7h16+oh=c7h15-2+h20
nc7h16+oh=c7h15-2+h20
Idiesel

I#3

I nc7h16+ho2=c7h15-2+h202
nc7h16+ho2=c7h15-2+h202
Idiesel

I#4

I nc7h16+02=c7h15-2+ho2
nc7h16+02=c7h15-2+ho2
Idiesel

I#5

4.380e+0

0.478e+
1.355e+1

1.220e+
3.300e+1

0.706e+
1.250e+1

278.2
4 0.0 18950.0
5 0.0 42904.0
100 0.0

6 0.0 21233.0
4 0.0 39100.0
6 0.0 40200.0
3 0.0 36900.0
36600.0

36600.0

7 2.0 4760.0

10 1.3
013

690.0 !'nhep
690.0

14 0.0 16950.0 !nhep
4 0.0 16950.0

14 0.0 37904.0 'nhep
4 0.0 37904.0
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c7h15-2+02=c7h1502
Inhep/diesel

I#6

I c7h1502+02=c7ket12+0h
Inhep
c7h1502+02=c7ketl2+oh
Idiesel

I#7

I c7ketl2=c5hllco+ch2o0+0oh
Inhep
c7ketl2=c5h11co+ch2o0+oh
Idiesel

I#8
c5hllco=c2h4+c3h7+co
Inhep/diesel

I#9

I ¢7h15-2=c2h5+c2h4+c3h6
Inhep
c7h15-2=c2h5+c2h4+c3h6
Idiesel

2.340e+1

1.535E+

3.290E+1

9.008e+

6.005e+1

9.840E+1

1.648E+

4.038E+1

c3h7=c2h4+ch3
¢3h7=c3h6+h
c3h6+ch3=c3h5+ch4
c3h5+02=c3h4+ho2

9.600e+1
1.250e+1
9.000e+1
9.49E+29

I-- added to PRF
c3h5+02=c2h2+ch2o0+0h

9.720E+2

rev/ 0.000E+00 0.00 0.000E+00 /

c3h5+02=ch2cho+ch2o

7.140E+1

rev/ 4.944E+16 -1.40 8.862E+04 /

c3h5+02=ch3+hco+hco
c3h5+ho2=c2h3+ch20+oh
c3h5+h=c3h4+h2

1.00E+12
2.028E+1
1.232E+0

rev/ 2.818E+00 3.784 4.722E+04 /

.c3h4+oh:c2h3+ch20
c3h4+oh=c2h4+hco
I-- added to PRF

1.000e+1
1.000e+1

c3h4+o0=c2h2+ch20

rev /2.32E+02 3.2 81190.0/
c3h4+o0=c2h3+hco

rev /2.55E+12 -0.4 32350.0/
c3h4+ho2=c2h4+co+oh
c3h4+oh=c2h2+hco+h2

c3h4+02=ch2co+hco+h
|

3.00E-03
3.20E+12
3.00E+12

7.07E+06
1.50E+09

.ch3+h02:ch3o+oh

5.000e+1
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2 0.0 0.0

14 0.0 18232.712

4 0.0 18232.712

14 0.0 4.110e+4

4 0.0 4.110e+4

5 0.0 4.02E+04

15 0.0 3.46E+04

5 0.0 3.46E+04

3 0.0 30950.0
4 0.0 36900.0
1 0.0 8480.0

-5.6 15540.0

9 -5.71 2.145E+04
5 -1.21 2.105E+04
0.0 22150.0

2 0.09 2.356E+04
3 3.035 2.582E+03

2 0.0 0.0

2 0.0 0.0
46 -4243.0
0.0 2010.0
0.0 19000.0
1.75 1000.0
0.0 2870.0
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ch3+oh=ch2+h20 7.500e+0
ch2+oh=ch2o0+h 2.500e+1
ch2+02=hco+oh 4.300e+1
ch2+02=co02+h2 6.900e+1
ch2+02=co+h20 2.000e+1
ch2+02=ch20+0 5.000e+1
ch2+02=co2+h+h 1.600e+1
ch2+02=co+oh+h 8.600e+1
ch3o+co=ch3+co2 3.925e+1
co+oh=co2+h 0.474e+0
o+co(+m)=co2(+m) 1.800e+1
mech 3

low/ 6.020e+14 .000 3000.00/
h2/2.00/ 02/6.00/ h20/6.00/ co/1.50/ co2/3.50/

02+co=0+c02 2.500e+1
mech

ho2+co=oh+co2 4.760e+1
mech 1.5e14

o+oh=02+h 4.000e+1
h+ho2=0oh+oh 1.700e+1
oh+oh=0+h20 6.000e+0
h+02(+m)=ho2(+m) 1.475E+1

low/3.500e+16 -4.10E-01 -1.1160E+03 /

troe/5.0000E-01 1.0000E-30 1.0000E+30/

h2/2/ h20/12/ co/1.9/ co2/3.8/
oh+oh(+m)=h202(+m) 1.236E+1

low /3.041E+30 -4.63 2049./

troe /0.47 100. 2000. 1.0e+15/

h2/2/ h20/12/ co/1.9/ co2/3.8/

h202+h=ho2+h2 1.98e+06
Imarinov 1995a

h202+h=0h+h20 3.07e+13
Imarinov 1995a

h202+0=0h+ho2 9.55e+06
Imarinov 1995a

h202+oh=h20+ho2 2.40e+00
Imarinov 1995a

h2+oh=h2o0+h 1.170e+0
ho2+ho2=h202+02 3.000e+1
ch2o0+oh=hco+h20 5.563e+1
ch2o0+ho2=hco+h202 3.000e+1
hco+o02=ho2+co 3.300e+1
hco+m=h+co+m 1.591E+1
ch3+ch3o=ch4+ch20 4.300e+1
c2h4+oh=ch20+ch3 7.59e+12
c2h4+oh=c2h3+h20 8.020e+1
I-- added to PRF

c2h4+02=c2h3+ho2 4.000e+1
c2h4+o0=ch3+hco 8.564e+0

c2h4+h=c2h3+h2 5.070e+0

2.00 5000.
0.00 0.
0.00 -500.
0.00 500.
0.00 -1000.
0.00 9000.
0.00 1000.
0.00 -500.
0.00 11800.
1.30 -758.
.000 2385.00 !gri

O~NWONWORFRPROWO®

2 0.000 47800.00 !gri

3 0.000 23600.00 !gri

4-050 O.
4 0.0 875.
8 1.30 O.

2 0.60 0.000E+00

4 -37 0.000E+00

20 24350

0.0 4217.0

20 3970.0

4.042 -2162.0

1.30 3626.
0.00 0.
1.095-76.517
0.00 8000.
3-040 O.
8 0.95 56712.329
3 000 O.

0.0 960.
3 0.00 5955.
3 0.000 4.820e+04
6 1.880 1.830e+02
7 1.930 1.295e+04

NONO
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c2h4(+m)=c2h2+h2(+m)

8.000e+1

low / 1.5800e+51 -9.3000e+00 9.7800e+04 /
troe / 7.3500e-01 1.8000e+02 1.0350e+03 5.4170e+

reaction

h2/2/ h20/6/ co/1.5/ co2/2/ ch4/2/ c2h6/3/

c2h3+02=ch2o0+hco
c2h3+hco=c2h4+co
c2h5+02=c2h4+ho2
I-- added to PRF

4.000e+1
6.034e+1
15.000E+1

c2h5+02=ch3+co+h20
c2h5+02=ch3+hco+oh
ch3+c2h5=ch4+c2h4

3.000E+1
3.63E+13
1.180e+0

rev/ 2.390e+06 2.400 6.669e+04 /

c2h5+h=ch3+ch3

9.690e+1

rev/ 2.029e+09 1.028 1.051e+04 /

c2h5+h=c2h4+h2

2.000e+1

rev/ 4.440e+11 0.396 6.807e+04 /

c2h5+0=ch3+hco+h
I

1.100e+1

ch4+02=ch3+ho2
oh+ho2=h20+02
ch3+02=ch2o0+oh
ch4+h=ch3+h2
ch4+oh=ch3+h20
ch4+o=ch3+oh
ch4+ho2=ch3+h202
ch4+ch2=ch3+ch3
c3h6=c2h3+ch3
ch2+ch2=c2h2+h2
c2h2
ch2+ch2=c2h2+h+h
c2h2+02=hco+hco
c2h2+o0=ch2+co
c2h3+m=c2h2+h+m
c2h3+h=c2h2+h2
c2h3+oh=c2h2+h20
c2h3+ch2=c2h2+ch3
c2h3+c2h3=c2h2+c2h4
c2h3+0=c2h2+oh
c2h2+oh=ch3+co

2.02E+07
7.50E+12
3.80E+11
6.600e+0
5.830e+0
1.020e+0
1.130e+0
2.460e+0
3.150e+1
1.200e+1

1.200e+1
4.000e+1
1.020e+0
2.289%e+1
4.000e+1
3.000e+1
3.000e+1
1.450e+1
1.000e+1
4.830e-0

n+no=n2+o
n+02=no+o0
n+oh=no+h
n20+0=n2+02
n20+0=2no

3.500e+1
2.650e+1
7.333e+1
1.400e+1
2.900e+1
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2 0.440 7.777e+04

03/ ITroe Fall-off

2 0.00 -250.

3 0.0 0.

0 0.00 3.000E+03

2 0.00 2.066E+04
0.0 37200.0

4 2.450 -2.921e+03

3 0.000 2.200e+02
2 0.000 0.000e+00

4 0.000 0.000e+00
2.1 53210.0
0.0 0.

0.0 9000.
1.60 10840.
2.6 2190.0
1.50 8604.
3.7 21010.0
2.0 8270.0
0.0 85500.0
0.0 800. lwith

WO O~

0.0 800.

0.00 28000.
2.00 1900.

2 0.023 3.672e+04
0.00 0.

0.00 0.

0.00 0.

0.0 0.0

~NN A

AWWWWW

00 1120.0
0.00 10810.0
0.00 23150.0
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n2o0+h=n2+oh 4.400e+1
n2o+oh=n2+ho2 2.000e+1
n2o(+m)=n2+o(+m) 1.300e+1

low / 6.200e+14 .000 56100.00/
h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/

ho2+no=no2+oh 2.110e+1
no+o+m=no2+m 1.060e+2
h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/
no2+o0=no+o02 3.900e+1
no2+h=no+oh 1.320e+1

¢3h6+h=c3h5+h2 5.000e+1

c3h6+02=c3h5+ho2 4.000e+1
I-- added to PRF
c3h6+oh=c3h5+h20 3.120E+0
rev/ 6.194E+06 2.01 3.188E+04/
c3h6+0=c2h5+hco 1.580E+0
rev/ 1.402E+05 1.88 2.651E+04 /
c3h6+ho2=c3h5+h202 1.500E+1
rev/ 5.867E+05 1.33 9.759E+03/
c3h6+0=c3h5+0oh 5.240e+1
rev/ 1.104e+11 0.697 2.015e+04 /
|
ch2cho+h=ch3+hco 2.200e+1
I ch3o (+m)=ch20+h (+m) 5.000e+
ch3o (+m)=ch2o+h (+m) 5.000e+0
lilb
low /2.344e+25 -2.7 3.060e+04/
ch20+02=hco+ho2 6.200e+1
ch2o0+o0=hco+oh 4.100e+1
ch2o+h=hco+h2 2.190e+0
ch2o+m=co+h2+m 6.250e+1
ch2o+m=hco+h+m 3.300e+1
hco+oh=h20+co 1.000e+1
hco+o=oh+co 3.000e+1
hco+o=h+co2 3.000e+1
hco+ho2=co2+oh+h 3.000e+1

c2h6+ch3=c2h5+ch4 1.510E-0
rev/ 9.649E-10 6.56 1.022E+04 /
c2h6+h=c2h5+h2 5.370E+0
rev/ 9.720E+02 3.50 2.732E+04 /
c2h6+oh=c2h5+h20 5.125E+0
rev/ 1.010E+07 2.06 2.298E+04 /

4 0.00 18880.0
2 0.00 21060.0
1 0.00 59620.0

2

0.00

-480.0

0-1.410 0.0

2

0.00

-240.0

4 0.00 360.0

2 0.0 1500.0!40
2 0.0 39900.0!42

6 2.00 -2.980E+02

7 1.76 -1.216E+03

1 0.00 1.419E+04

1 0.700 5.884e+03

3

11 0.00 27420.0! 74
9 0.00 27420.0! 74

WWWhrhoOUIORF W

0.0

0.00 39000. 1139

0.57
1.80

0.00 69540. 144
0.00 81000. 1145

0.00
0.00

6.00

3.50

2.06

0.0

2760. 1140
3000. 1141

0.1147
0.1149
0.1150
0.1153

6.047E+03

5.200E+03

8.550E+02
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c2h6+0=c2h5+0h 1.130E+1
rev/ 2.080E+13 0.00 1.272E+04 /
ch3+ch3(+m)=c2h6(+m) 7.371E+1

low/9.088E+35 -5.246 1.705E+03/
troe/0.405 1120. 69.6 1.e+15/
c2h6+02=c2h5+ho2 4,000E+1
rev/ 3.000E+11 0.00 0.000E+00/
c2h6+ho2=c2h5+h202 1.700E+1
rev/ 1.069E+11 0.24 7.842E+03/
c2h6+c2h4=c2h5+c2h5 5.000E+1
rev/ 5.000E+11 0.00 0.000E+00/
c2h6+m=c2h5+h+m 8.851E+2
rev/ 1.148E+13 0.34 -1.550E+03 /
c2h6+ch2=c2h5+ch3 2.200E+1
rev/ 2.665E+10 0.56 1.706E+04 /
lilb c2h6+ch302=c2h5+ch302h 1.700E
liib rev/ 7.500E+11 0.00 1.280E+03/
c3h6+c2h5=c3h5+c2h6 1.000E+1
rev/ 5.369E+05 1.33 1.644E+04/
c3h5+c2h5=c2h6+c3h4 4.000E+1
rev/ 1.802E+12 0.05 4.033E+04/

c2h4+o=ch2cho+h 3.390E+0
c2h3+02=ch2cho+o 3.500E+1
lilb ch2cho+o2=ch20+co+oh 2.000E+
*key rxn*
I-- ch2co --
c2h2+oh=ch2co+h 1.00e+11
ch2co+h=ch3+co 1.100E+1
ch2co+o=ch2+co2 1.750E+1
ch2co(+m)=ch2+co(+m) 3.000E+1
low / 3.600E+15 0.00 5.927E+04 /
c3h6+o0=ch2co+ch3+h 1.500E+0
ch2cho=ch2co+h 3.094E+1
ch2co+oh=ch3o0+co 6.00e+12
I-- ch302 --
I-- ch302h --

I-- ch302 to ch302h conversion --

4 0.00 7.850E+03

6-1.17 6.358E+02

3 0.00 5.090E+04
3 0.00 2.046E+04
1 0.00 6.000E+04
0-1.22 1.022E+05
3 0.00 8.670E+03
+13 0.00 2.046E+04
1 0.00 9.800E+03

1 0.00 0.000E+00

6 1.88 179.0
4-0.61 5260.0
13 0.00 42000.0 ljib

0.0 12000.0
3 0.00 3.400E+03
2 0.00 1.350E+03
4 0.00 7.098E+04

7 1.76 7.600E+01
5-0.26 5.082E+04
0.0 -1010.0
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I-- c2h3co --

c2h3co=c2h3+co 2.040E+1

I-- ch3oco --

ch3oco=ch3o+co 7.451E+1
rev/ 1.500E+11 0.00 3.000E+03/

ch3oco=ch3+co02 1.514E+1

rev/ 1.500E+11 0.00 3.673E+04 /

I-- c2h5cho --
c2h5cho=c2h5+hco 9.850E+1

I-- ¢3h6cho --

I-- c2h3cho --

c2h3cho+oh=c2h3+co+h20 9.240E+0
c2h3cho+h=c2h3+co+h2 1.340E+1
c2h3cho+o=c2h3+co+oh 5.940E+1
c2h3cho+ho2=c2h3+co+h202 3.010E+1
c2h3cho+ch3=c2h3+co+ch4 2.608E+0
lilb c2h3cho+ch302=c2h3+co+ch302h 3.01

I#1
md+h=md6j+h2 0.1300E+07 2.

4 -0.40 3.145E+04

2 -1.76 1.715E+04

2 -1.78 1.382E+04

8-0.73 8.171E+04

5 1.50 -9.620E+02
2 0.00 3.300E+03
1 0.00 1.868E+03
1 0.00 1.193E+04
5 1.78 5.911E+03
OE+11 0.00 1.193E+04

4000 0.4471E+04
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1#2

I md+oh=md6j+h20 0.4670E+08 1 .6100 -.3500E+02
md+oh=md6j+h20 0.1401E+07 1. 6100 -.3500E+02 !0.03A
1#3

I md+ho2=md6j+h202 0.5880E+05 2 .5000 0.1486E+05
md+ho2=md6j+h202 0.1764E+04 2. 5000 0.8916E+03
10.06E@2000K

I#4

I md+02=md6j+ho2 0.4000E+14 O .0000 0.5016E+05
md+02=md6j+ho2 0.4000E+13 0. 0000 0.4013E+05
10.8E@2000K

I#5

md6j+02=md602 0.7540E+13 0. 0000 0.0000E+00
1#6

md6o2=md60o0oh8; 0.2500E+11 0. 0000 0.2085E+05
I md6ooh8j+02=md6ooh802 0.7540E+13 O .0000 0.0000E+00
I md6ooh802=mdket68+oh 0.1250E+11 O .0000 0.1785E+05
! combo

md6ooh8j+02=mdket68+oh 0.7540E+13 O .0000 0.0000E+00 ljib
%7

I mdket68=mdket68o+0oh 0.1050E+17 O .0000 0.4160E+05
I c2h5cho+ms6oxo7j=mdket680 0.3330E+11 O .0000 0.6397E+04
! combo

mdket68=oh+c2h5cho+ms6oxo7j 0.1050E+17 0. 0000 0.4160E+05 !jIb
1#8

Ic2h5cho rxn above

1#9

c6h12-1+mb4j=md6j 0.8800E+04 2. 4800 0.6130E+04
c6h12-1=2c3h6 0.3980E+13 0. 0000 0.5763E+05
c6h12-1=c3h5+c3h7 0.2500E+17 0. 0000 0.7100E+05'!
rev LLNL

I-- extra rxns --

md6j+h=md 0.1000E+15 0. 0000 0.0000E+00
md+o=md6j+oh 0.5946E+06 2. 4400 0.2846E+04
md+c2h3=md6j+c2h4 0.4000E+12 0. 0000 0.1680E+05
I-- c8h17-1 --

me2j+c8h17-1=md 0.8000E+13 0. 0000 0.0000E+00
I c2h4+c6h13-1=c8h17-1 0.8800E+04 2 .4800 0.6130E+04

c2h4+c6h12-1+h=c8h17-1 0.8800E+04 2. 4800 0.6130E+04 Icombo



I-- c6h13-1 --
I mb4j+c6h13-1=md
mb4j+c6h12-1+h=md

0.8000E+13 O
0.8000E+13 0.

I c6h13-1+02=c6h12-1+ho2
I c6h12-1+h=c6h13-1

0.1600E+13 O
0.2500E+12 O

I#1
md9od6j+h=md9d 0.1000E+15 0.
1#2

I md9d+oh=md9d6j+h20
I md9d+oh=md9d6j+h20
md9d+oh=md9d6j+h20
0.5A

0.4670E+08 1
0.4670E+10 1
0.2335E+08 1.

1#3

I md9d+ho2=md9d6j+h202
md9d+ho2=md9d6j+h202
0.2E@2000K

0.5880E+05 2
0.2954E+04 2.

I#4
md9d+02=md9d6j+ho2 0.4000E+14 0.
I#5
md9d6j+02=md9d602 0.7540E+13 0.
1#6
md9d602=md9d6ooh8| 0.1250E+11 0.

I md9d6ooh8j+02=md9d6ooh802 0.7540E+13 O
I md9d6ooh802=md9dket68+oh 0.1250E+11 O
! combo
md9d6ooh8j+02=md9dket68+oh  0.7540E+13 0.

I#7

I md9dket68=0h+c2h3cho+ms6oxo7j 0.1050E+17 O
md9dket68=0h+c2h3cho+ms6oxo7j 0.2100E+13 0.
10.8E@2000K

I#8

c2h3cho=c2h3+hco 0.2003E+25 -2.

I#9

191

.0000 0.0000E+00
0000 0.0000E+00 !combo

.0000 0.5000E+04
.5100 0.2620E+04

0000 0.0000E+00

.6100 -.3500E+02
.6100 -.3500E+02 !1100A
6100 -.3500E+02 !red2:

.5000 0.1486E+05
5000 0.2972E+04 !red2:

0000 0.5016E+05
0000 0.0000E+00
0000 0.1635E+05
.0000 0.0000E+00
.0000 0.1785E+05

0000 0.0000E+00 ljlb

.0000 0.4160E+05
0000 0.3328E+05

1400 0.1034E+06



192

€6h10-15+mb4j=md9d6j 0.8800E+04 2. 4800 0.6130E+04
c6h10-15=2c3h5 0.2500E+17 0. 0000 0.7100E+05

I-- extra reactions --

md9d+o=md9d6j+oh 0.5946E+06 2. 4400 0.2846E+04
md9d+c2h3=md9d6j+c2h4 0.4000E+12 0. 0000 0.1680E+05

I-- ms7j --

I md9d=ms7j+c3h5 0.2500E+17 O .0000 0.7100E+05

I md9d=ms7j+c3h5 0.2500E+16 O .0000 0.7100E+0510.1A
I c2h4+mf5j=ms7j 0.8800E+04 2 4800 0.6130E+04

lem e combo

I md9d=c2h4+mf5j+c3h5 0.2500E+17 0.0000 0.7100E+05 !jib
md9d=c2h4+mf5j+c3h5 0.6250E+16 O .0000 0.7100E+05
lhighT: 0.25A

I ms7j+02=ms6d+ho2 0.1600E+13 O .0000 0.5000E+04

I ms6d+h=ms7j 0.2500E+12 O .5100 0.2620E+04

I-- ms6d --

md9d6j=c3h5+ms6d 0.3310E+14 0. 0000 0.2146E+05

I md9d6j=c3h5+c3h5+mb4; 0.3310E+14 0. 0000 0.2146E+05
Ilcombo/HCCI

md9d=c3h6+ms6d 0.3980E+13 0. 0000 0.5763E+05
ms6d=c3h5+mb4j 0.2500E+17 O. 0000 0.7100E+05

ch2co+mf5j=ms6oxo07j 0.1510E+12 0. 0000 0.4810E+04
mf5j+02=mf502 0.4520E+13 0. 0000 0.0000E+00
mf502=mf500h3] 0.2500E+11 0. 0000 0.2085E+05

I mf500h3j+02=mf500h302 0.7540E+13 O .0000 0.0000E+00

I mf500h302=mfket53+0h 0.2500E+11 O .0000 0.2140E+05

! combo

mf500h3j+02=mfket53+oh 0.7540E+13 0. 0000 0.0000E+00 !jlb
I mfket53=oh+mfket530 0.1050E+17 O .0000 0.4160E+05

I ch2cho+mp3oxo=mfket530 0.3330E+11 O .0000 0.6397E+04

! combo

.mfket53:oh+ch20ho+mp30xo 0.1050E+17 0. 0000 0.4160E+05 !jlb



I mp3oxo+oh=mp3oxo3j+h20 0.2690E+11 O

I co+tme2j=mp30x03] 0.1510E+12 O

! combo
mp3oxo+oh=co+me2j+h20 0.2690E+11 0.
c2h4+me2j=mbd4j 0.2000E+12 0.
ch2co+ch3o=me2j 0.5000E+12 0.

I-- important ch2cho reaction --
ch2cho+o02=ch2o0+co+oh 0.2000E+14 0.
Ireplace MB rate

end

.7600 -.3400E+03
.0000 0.4810E+04

7600 -.3400E+03 ljlb
0000 0.7600E+04

0000 -.1000E+04

0000 0.4200E+04
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