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To extract meaningful information from complex kinetic models involving a large
number of species and reactions, advanced computational techniques are required. In
this work, new approaches have been proposed based on element flux calculations for
systematic kinetic analysis of complex reaction models. These approaches quantify ele-
ment transformation flux between species to determine a metric that accurately cap-
tures the production and consumption of species. Furthermore, a graph searching pro-
cedure is employed to retrieve all possible reaction pathways from the highly complex
reaction networks. Element fluxes involved in these pathways provide an indicator to
quantitatively evaluate pathway activities. Based on pathway activities, a novel
approach is proposed to project the totality of the information contained in pathway
weights onto a single scalar, reactivity status indicator, which enables a compact rep-
resentation of local chemistry. The proposed approaches are illustrated with highly
complex kinetic mechanisms describing oxidation of n-pentane, n-heptane, and a bio-
diesel surrogate methyl-butanoate. © 2011 American Institute of Chemical Engineers AIChE
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Introduction

To make accurate predictions of processes involving com-
plex reaction systems, numerous detailed chemical mecha-
nisms consisting of thousands of species and tens of thou-
sands of reactions have been developed for a wide range of
applications.l_8 As the kinetic models are developed to
describe more complex systems for a wide range of applica-
tions, the reaction mechanisms will continue to increase in
size. Both the development and the implementation of the
detailed mechanisms require the understanding of species
and reaction pathways through kinetic analysis. However,
the large mechanism sizes make it difficult to perform a
detailed kinetic analysis of the system. To identify and
extract kinetically important species and reactions from
detailed reaction mechanisms, a number of kinetic analysis
approaches have been proposed. A commonly used kinetic
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analysis method is the sensitivity analysis approach.”™'' Sen-
sitivity analysis approaches investigate the effects of parame-
ter or variable change on the solution of the mathematical
model. One example is to calculate local sensitivity of spe-
cies concentrations on individual reaction parameters.'' ™"
However, the parameter perturbation considered in local sen-
sitivity analysis is quite small, whereas time dependent sen-
sitivity analysis was proposed in more recent study which
enables the illustration of the sensitivity between species in
a graphical representation.14’15 Based on the sensitivity anal-
ysis results, a plot of reaction pathways can be constructed,
representing the evolution of species from reactants to prod-
ucts. One of the program packages for semiautomatic gener-
ation of pathway plots is the XSENKPLOT program devel-
oped by NIST.'® This program provides a graphical repre-
sentation of reaction pathways given a user-specified
important species set. The methodology, however, relies on
the identification of important species which is not a simple
task. To overcome the limitations of conventional sensitivity
analysis, an automatic pathway plotting method was devel-
oped by Bendtsen et al.,'” which identifies important species
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based on their contribution to the conversion rates of given
reactants or products.

In this article, new kinetic analysis approaches have been
proposed based on element flux, including species analysis,
pathway analysis, and compact representations of local
chemistry. The program retrieves thermodynamic and kinetic
variables from CHEMKIN'® based simulation programs and
calculates element transformation flux from reactants to
intermediates and finally products over specific time inter-
vals.'””?% A detailed description of element flux calculation
is available in Ref. 2'. Based on the element flux calculation,
two types of kinetic analysis are performed, targeting species
and pathways, respectively. The species analysis identifies
important species over the entire process or within specific
time interval. In addition, by tracing the influx and/or outflux
of each species, the behavior of individual species can be
correlated to the evolution of the entire system. This facili-
tates the investigation of species that are representative to
specific system behaviors. For the pathway analysis, a graph
searching technique is employed to retrieve pathways
between given species and a weight propagation procedure is
introduced to quantify the importance of each pathway on a
normalized scale. This allows the quantification of contribu-
tions of different pathways as well as the comparison of
pathways between different systems.

In the next section, we describe the algorithms of the pro-
gram package and subsequently use n-pentane and methyl-
butanoate oxidation mechanisms as examples to illustrate the
program. It should be noted that using these two mechanisms
is not to validate or compare the mechanisms, but rather to
use them as examples to demonstrate how element flux anal-
ysis can effectively capture the chemical characteristics of a
kinetic mechanism. The examples cover a wide range of
reacting conditions and represent both hydrocarbon and oxy-
genated fuel combustion.

Formulation of Element Flux Analysis

The element flux analysis provides a metric to quantify
the activity of species in terms of element transformation
between sources and sinks. The instantaneous element flux
pointer of atom A (such as C, H, O, N, etc.) from species j
to species k through reaction 7, denoted as A;j, is defined in
Eq. 1.7 Aijk is positive when reaction 7 is proceeding from
species j to k and negative if the reverse transformation takes
place. The total instantaneous flux from species j to species
k can be calculated by summing A,-j-k over all the reactions in
which species j and k are involved, as represented in Eq. 2.

: ( [) NAGNA k

A (1) = gi Ny ey
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i=1

where ¢;(1) is the instantaneous rate of reaction i (mol/s), n, j is
the number of atoms A in species j, 14 ; is the number of atoms
A in species k, N, ; is the total number of atoms A in reaction i,
and Ny represents the number of reactions that these species
participate as reactants or products. It is should be noted that
the element flux between two species obtained from Eqs. 1 and
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2 may involve more than one reaction. Thus the metric derived
in the proposed element flux analysis approach represents the
total element transformation between two species through all
reactions that involve them.

In our previous study,”” it was found that quantification of
element flux based on net reaction rates ¢,(t) results in errone-
ous calculation of element transformation involving species in
quasi-steady-state and partial-equilibrium reactions. This is
due to the fact that for quasi-steady-state species, their influx
and outflux are both large while the net flux is small. Small net
flux also stems from partial-equilibrium reactions. Species
involved in partial equilibrium reactions have fast element
transformation through forward and reverse reactions. How-
ever, the net reaction rates are of much smaller magnitudes
which results in small element fluxes according to Eq. 1. Since
the element flux analysis is based on the assumption that large
flux represents leading transitions while small flux indicates
species of less importance, incorrect calculation of flux of
quasi-steady-state species and partial-equilibrium reactions
will underestimate the activity of the involved species. It
should be emphasized that although quasi-steady-state species
and partial-equilibrium reactions are often eliminated in mech-
anism reduction approaches, they are not redundant and their
evolution are defined by the corresponding algebraic relations
instead of kinetic differential equations.”® To avoid underesti-
mation of the importance of species involved in quasi-steady
state and partial equilibrium reactions, absolute values of both
forward and reverse reactions are taken into account in flux
calculation as follows:

: A NA k
A'fk(t) = (|qifwd(t)| + |Qirev([)|) ]\;T

3)
where ¢jrq and ¢, are the reactions rates of forward and
reverse reaction, respectively.

The flux values defined in Eq. 3 are functions of time. By
repeating the analysis at preselected time instances, one can
capture instantaneous element transformations. This is equiv-
alent to taking snapshots during the reaction process and
identifying, on-the-fly, active sources and sinks. These con-
nections can then be used to identify reaction pathways as
well as their dynamic evolution over time. However, the in-
stantaneous flux describes only the local reactive characteris-
tics, which makes it difficult to derive global information.
To address this limitation, a time-integrated flux indicator is
proposed. The main idea is to derive over time an indicator
for a source-sink combination based on integration of instan-
taneous flux defined in Eq. 3. Therefore, we define the time-
integrated flux indicator as follows:

A T
Ay = / A @)
1=
The integral in Eq. 4 is estimated numerically by summing the
instantaneous pointers at all the time instances as the integrator
generates them. In this way, the entire reaction trajectory is
considered. The indicator defined in Eq. 4 assigns a unique,
overall number to each source-sink pair, which is representa-

tive for the entire reaction period.

The purpose of time-integrated element flux analysis is to
establish “global” insight into the reaction pathways. It
allows for a comprehensive and macroscopic view of the
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Table 1. Time-Integrated Carbon (C) Flux of Characteristic Species in Methyl Butanoate and r-pentane Oxidation at
Different Initial Temperatures

Methyl Butanoate N-pentane

From To Relative C Flux From To Relative C Flux
Top = 650 K cO CcO2 1.00E+4-00 CO CO2 1.00E+00
MP2D C2H3CO 1.06E-02 CH3CO CcO 3.79E-02
C2H2 HCCO 7.51E-03 NC5H12 C5H11-2 1.12E-02
C2H3CO C2H3 5.03E-03 C5HI11-2 C5H1102-2 4.88E-03
MB2J MP2D 1.97E-03 C5H11-2 C3H6 3.87E-03
MB MB2J 1.83E-03 C3H6 CH3CHCO 2.78E-03
MB40OOH2J MBCY402 1.79E-05 C5H1102-2 C5H1000H2+4 2.72E-03
C3H6 C3H5-A 9.90E-06 C5H1000H2-402 NC5KET24 1.93E-03
MB200OH400 MB40OOH2*0O 6.88E-06 C5H1000H2-4 C5H1000H2-402 1.85E-03
MB20OOH4J MB20OOH400 5.83E-07 C5H1000H2-4 C5H10024 7.47E-04
To =950 K cO CcO2 1.00E+4-00 CO CO2 1.00E+00
MP2D C2H3CO 1.95E-02 C2H2 HCCO 2.72E-01
C2H3CO CcO 1.71E-02 C2H4 CH3 5.61E-02
C3H5-A C3H4-A 3.63E-03 C3H6 C3H5-A 2.07E-02
MB MB2J 3.51E-03 NC3H7 C2H4 4.56E-03
MB2J MP2D 2.89E-03 NC5H12 C5HI11-2 4.14E-03
MB20OOH4J MBCY402 3.10E-05 C4H6 C2H4 4.13E-03
MB200O MB20OH4J 1.68E-06 C5H11-2 C3H6 2.69E-03
MB20OOH4J MB20OH400 1.06E-07 C5H11-2 C2H5 1.79E-03
MB200OH400 MB20OOH2*O 8.20E-08 C5HI11-1 NC3H7 1.14E-03

Carbon flux pointers are normalized to the largest pointer in the scheme to enable comparison between different schemes.

reactant transformation to intermediates and finally to prod-
ucts. In the next section, the way the element flux analysis is
implemented in computational simulations is introduced.

Computer Implementation of Element
Flux Analysis

The proposed element flux analysis calculates element
transformation between species based on reaction rates and
stoichiometric coefficients of the system. In this work, the
thermodynamic properties and reaction rates definitions are
handled using CHEMKIN."® To illustrate the way element
flux analysis is implemented, we have provided in Appendix
A a FORTRAN pseudocode in which standard CHEMKIN
nomenclature is used. The maximum number of source-sink
pairs that have element transfer is Ngpecies X Nspecies- 1hus
the main computation task of the method is the calculation
and storage of an Ngpecies X Ngpecies Matrix where each entry
represents the element flux between two species. However,
this matrix is usually sparse due to the fact that each species
is only connected to a small number of species through reac-
tions. To avoid unnecessary CPU time looping over species
pairs that are not connected, a loop over all reactions is
employed instead of a two-level loop over all species. Since
the number of species included in each reaction is limited,
the flux analysis is scaled to the number of reactions in the
mechanism while traditional sensitivity analysis is scaled as
Ngpecies X Ngpecies- Efficient flux calculation is especially ben-
eficial when the analysis is performed on-the-fly in realistic
flow calculations.?'*

The flux is calculated at every time step (IT) through a
loop over all reactions (NII) and all species participating in
each reaction (K and K1). If such a pair of species partici-
pate in the same reaction and contain the element of interest
(denoted as NCF(NELE, K) .GT. 0), their stoichiometric
coefficients are checked to determine if they have a reactant/
product relationship (ISTOIC*ISTOIC1 .LT. 0). The forward
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and reverse reaction rates (Qfwd and Qrev) and the number
of element atoms (NAJ, NAK, and NAI) are used to deter-
mine the temporal flux pointer AJK(IFROM, ITO, t). As the
instantaneous flux pointers AJK(IFROM, ITO, t) are gener-
ated, they are numerically integrated to obtain the time-inte-
grated flux pointer which indicates the total element transfor-
mation flux between species.

Once the flux pointers are obtained, the following kinetic
analysis can be performed.

Species Analysis

The first level of kinetic analysis carried out illustrates the
importance of species in terms of sources and sinks in ele-
ment transformation. Simply by sorting the pairs in descend-
ing order, we can identify leading transitions represented by
large flux. If time-integrated flux data are considered, leading
transitions reveal globally crucial species that play vital roles
in the overall reaction process. On the other hand, if instan-
taneous flux pointers are used, locally active species can be
identified, representing local reaction characteristics. To bet-
ter illustrate this idea, two mechanisms are analyzed in this
section:

(1) Biodiesel surrogate methyl-butanoate mechanism (264
species and 1219 reactions).’

(2) N-pentane oxidation mechanism (385 species and 1895
reactions).’

These two mechanisms are selected because they describe
oxygenated fuel and hydrocarbon fuel oxidation, respectively,
and the mechanisms are fairly large to demonstrate the capability
of the analysis approach in retrieving meaningful kinetic infor-
mation from complex mechanisms. The flux analysis is carried
out in an adiabatic plug flow reactor (PFR) simulation. The cal-
culations are performed using stoichiometric conditions at 650 K
and 950 K to represent oxidation at low and high tempera-
ture.'”? Table 1 summarizes the time-integrated carbon flux
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Table 2. Instantaneous Carbon (C) Flux of Methyl Butanoate and n-pentane Oxidation at Different Stages with Initial
Temperature 650 K

Methyl Butanoate N-pentane

From To C Flux From To C Flux
Initial stage 7' = 675 K MB2J MB200O 7.36E-01 C5HI11-2 C5H1102-2 8.34E+4-00
MB MB2J 7.06E-01 NC5H12 C5H11-2 8.30E+400
MB3J MB300 3.82E-01 C5H1102-2 C5H1000H2+4 4.19E4-00
MB MB3J 3.74E-01 C5H1000H2-4 C5H1000H2-402 4.17E+00
MB20 C2H5CHO 2.76E-01 C5HI11-3 C5H1102-3 4.16E400
MB20OH MB20 2.59E-01 NC5H12 C5HI11-1 4.15E+00
MB300 MB30OOH2J 2.48E-01 C5H11-1 C5H1102-1 4.15E4-00
MB30O0OH2J MB2D 2.42E-01 NC5H12 C5H11-3 4.14E+00
MB4J MB400 2.27E-01 C5H1000H2-402 NCS5SKET24 4.11E4-00
MB200 MB20OH 2.05E-01 C5H1000H2-4 C5H1002+4 2.00E+00
Intermediate stage 7 = 1550 K HCO CO 1.12E+4-03 HCO CO 9.75E+02
CH20 HCO 8.52E+02 CH20 HCO 7.51E+02
MB2D C5H702 4.08E+02 C3H6 C3H5-A 4.32E+02
CH30 CH20 4.00E+02 C3H5-A C3H50 3.32E+02
C5H702 CH2CHCHCO 3.89E+02 CH3CO CO 2.99E+02
MP2D C2H3CO 3.63E+02 CH3CHO CH3CO 2.89E+02
C2H301,2 CH3CO 3.02E+02 CH3CO CH3 2.84E+02
CH2CHO C2H301,2 2.97E+02 C2H5 C2H50 2.70E+02
C2H3CO C2H3 2.88E+02 C2H301,2 CH3CO 2.65E+02
CH3CO CO 2.25E+02 CH2CHO C2H301,2 2.60E+02
Final stage 7 = 2550 K (€] CO2 3.50E+04 CcO Cco2 5.05E+04
SC3H50CH2 C3H5-S 2.51E+03 HCO CO 2.46E+04
C3H5-S C3H4-P 2.05E+03 CH20 HCO 2.08E+04
HCO CO 1.63E+03 CH3 CH20 1.35E+-04
CH20 HCO 1.50E+03 C2H2 HCCO 1.20E+04
C3H4-P C3H3 1.38E+03 CH4 CH3 8.91E+03
C3H3 C3H2 1.14E+03 HCCO CcO 8.54E+03
HCCO CO 9.61E+02 C2H3 C2H2 6.68E+03
C2H2 HCCO 9.23E+02 C2H4 C2H3 5.31E+03
SC3H50CH2 CH20 8.37E+02 HCCO CH2(S) 4.38E+03

between species of methyl-butanoate and n-pentane oxidation.
The first two columns represent the FROM and TO species of
element transformation. To be consistent, the species naming
conventions are the same as in the original mechanisms (see Ap-
pendix B). The third column is the time-integrated flux data.
Nearly 2000 source-sink connections have been identified for
the entire mechanism. However, due to the space limitations,
only species with large element flux are listed. Characteristic
species of methyl-butanoate oxidation includes hydroperoxy
alkylperoxy radical (MB2OOH400), cyclic ether (MBCY402),
and methyl propenoate (MP2D). Hydroperoxy alkylperoxy radi-
cal (MB20OOH400) is formed by addition of a second oxygen
molecule to the hydroperoxyalkyl radical (MB20OOH4J), which
stems from initial radical (MB2J). The second oxygen addition
to initial radicals is a typical low temperature oxidation proce-
dure.? Cyclic ether MBCY40?2 is the product of decomposition
of MB2OOH4J, which competes with second oxygen addition.
Methyl propenoate MP2D is the product of beta scission of the
carbon chain of methyl butanoate and has the largest contribu-
tion to the original reactant oxidation. The identification of these
source-sink connections in flux analysis reveals that there is
competition between unimolecular decomposition and second
oxygen addition in methyl butanoate oxidation. Another obser-
vation is that low temperature and high temperature oxidations
of methyl butanoate have qualitatively very similar active spe-
cies. However, the relative magnitude of element flux between
sources and sinks establishes the fundamental difference
between the two cases.

The flux analysis of n-pentane oxidation indicates that the
shift between unimolecular decomposition and second oxy-
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gen addition as temperature increases is higher compared to
methyl butanoate. At 650 K, active species of n-pentane
oxidation include hydroperoxy  alkylperoxy  radical
CsH;(OOH2-402, which is formed from second oxygen
addition to hydroperoxyalkyl radical CsH;pOOH2-4, cyclic
ether CsH;902-4, the product of CsH;iOOH2-4 decomposi-
tion, and C3Hg, from beta scission. However, as temperature
increases to 950 K, only species on beta scission pathways,
e.g., C3Hg, CoHs, etc., are identified. This shift from oxygen
addition pathways to beta scission pathways as temperature
increases indicates that the n-pentane oxidation pathways are
more sensitive to temperature changes than methyl butanoate
oxidation.

Time-integrated flux identifies globally important species
for the entire reaction process, compared with the instantane-
ous flux calculation that provides information about the spe-
cific stage of the oxidation process. Table 2 summarizes the
instantaneous flux of methyl butanoate and n-pentane oxida-
tions. As shown in Table 2, sources and sinks vary signifi-
cantly at different stages of the oxidation process. For exam-
ple, at the initial stage, fuel decomposition and oxidation are
the main component of the combustion process. As the sys-
tem proceeds, generation and oxidation of small species
dominate the reaction process. When the system evolves to
the final stage, the oxidation of very small species such as
HCCO and CO becomes the dominant reactions.

Species analysis based on element flux in terms of sources
and sinks provides a useful tool to measure species activity,
which can be further implemented in redundant species
identification. Therefore, the species analysis method also
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Figure 1. OH influx from second oxygen addition (low
T) and hydroperoxyalkyl radicals decomposi-
tion (medium T).
(a) methyl butanoate oxidation, (b) n-pentane oxidation. PO

= 9.6 atm, ¢ = 1.0. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

provides a foundation for mechanism reduction procedures.
Both skeletal reduction and dynamical reduction techniques
have been proposed based on species flux analysis, which
are recently discussed in Refs. 9 and 2.

Given the element flux between sources and sinks, the
total influx and outflux of each species can be obtained to
represent its production and consumption rates. This enables
further options of the program: tracing the dynamic accumu-
lation and consumption of species during the system evolu-
tion. This analysis can be performed on key radicals or spe-
cies of specific interest to investigate their correlation with
system behaviors. Taking the OH radical for example, in
both methyl butanoate and n-pentane oxidation systems, OH
plays an important role in the chain branching and chain
propagation pathways.'?> Thus analyzing the influx and
outflux of OH captures the oxidation rates of the system. In
n-pentane oxidation systems, chain branching pathways
induced by second oxygen addition to hydroperoxyalkyl rad-
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icals increase the concentration of OH, thus having a partic-
ular important effect on the low temperature oxidation rates.
However, as the temperature increases, unimolecular decom-
position of hydroperoxyalkyl radicals and hydrocarbons
become favored, which lead almost exclusively to chain
propagation reactions. The shift between second oxygen
addition and unimolecular decomposition as the temperature
increases is the cause of the negative temperature coefficient
(NTC) behavior.! Since the OH production rate is much
lower in unimolecular decomposition compare with second
oxygen addition, analyzing the influx of OH provides an
insight of the NTC behavior. Figure 1 shows the contribution
of second oxygen addition radicals and hydroperoxyalkyl
radicals, which represent low T oxidation and medium T ox-
idation respectively, to OH production in the system from
650 K to 1000 K. The influx of OH from low T and medium
T radicals are normalized to the total influx of OH to reveal
their respective contributions. Ignition delay at each tempera-
ture is compared with OH influx to illustrate the correlation
between them. As shown in Figure 1, OH production from
second oxygen addition radicals and hydroperoxyalkyl radi-
cals only have small contribution to OH production and
changes modestly with temperature. This is due to the fact
that the oxidation of oxygenated contents (e.g., ester group
in methyl butanoate) dominates the OH production, which
does not have NTC behavior. On the other hand, OH pro-
duction in n-pentane oxidation shows strong temperature de-
pendence, resulting in a distinct NTC behavior of ignition
delay time. At low temperature, approximately one-third of
OH is generated from second oxygen oxidation radicals and
hydroperoxyalkyl radicals. As the temperature increases
above 775 K, second oxygen addition and hydroperoxyalkyl
radical decomposition become less favorable, which reduces
the radical pool and subsequently lowers the overall oxida-
tion rate. At high temperature, beta scission becomes domi-
nant and defines the overall oxidation rate, which reduces
the NTC effects. It can be observed in Figure 1 that the OH
influx change accurately captures the temperature range of
ignition delay NTC behavior. The flux analysis on OH
reveals the underlying chemical phenomena of NTC behav-
ior, that is, the competition between chain-branching second
oxygen oxidation pathways, chain propagation hydroperox-
yalkyl radical decomposition pathways, and chain propaga-
tion beta scission pathways.'”"'**

Although we selected to study the OH radical activity and
the pathways of fuel oxidation in the analysis, the proposed
method can be extended to any species and pathways of in-
terest. While species analysis provides an indicator to iden-
tify active species and measure their contribution to system’s
transitions, they do not describe the overall pathways that
the reaction system evolves through. Therefore, in the kinetic
analysis program package, a pathway analysis procedure is
introduced to retrieve pathway information from a complex
reaction network and quantify pathway activities based on
element flux analysis.

Pathway analysis

Another valuable output of the program is the identifica-
tion of individual pathways and the quantification of their
activities. The element flux indicators provided by flux
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Figure 2. Pathway identification and visualization
based on element flux indicators.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

analysis describe the transition between two species and
illustrate important connections between fuels and final prod-
ucts. Given this information between sources and sinks, a
Breadth First Search (BFS) algorithm26 can be employed to
identify the reaction pathways. The BFS algorithm initiates
from initial species (e.g., fuels) and find all species that are
connected to the initial species. These newly found species
are stored in the algorithm as second level species, which
serves as initial species in the next searching step. The
search algorithm repeats the breadth first searching until no
further species can be identified. An illustrative example of
pathway identification is given in Figure 2, where all possi-
ble pathways are identified based on the connection informa-
tion between species and visualized in a flux graph. Note
that since this example is shown for illustration purposes
only, material balances are not enforced in this system.

The pathways identified from flux analysis provide quali-
tative connections between reactants and products. However,
to analyze pathway activities, a quantitative procedure needs
to be developed. Based on the flux analysis, we propose to
use the normalized flux values to quantify the weight of
each pathway. In the proposed method, the influx/outflux of
each species from/to different species are normalized to the
total influx/outflux of this species to evaluate the contribu-
tion of each connection. Taking the system in Figure 2 for
example, when the consumption pathways of A is examined,
the calculation initiates from A and all its outflux connec-
tions, AB, AC, and AF, are normalized to the total out flux
of species A (400), which gives the weight of each connec-
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Figure 3. Flux normalization procedure to calculate
pathway activity.
(a) outflux of species on pathways from species A are nor-
malized, and (b) influx of species on pathways to species F

are normalized. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

tion as shown in Figure 3a. Then the calculation proceeds to
species B, C, and F. The two outflux connections of species
B (BE and BD) are normalized to the total out flux of B
(13), while the only outflux from C (CD) is given the weight
of 1. Since F does not have outflux connection, no outflux
normalization is needed. The normalization procedure then
proceeds until no further outflux connection is found. On the
other hand, if the production pathways of F are to be ana-
lyzed, the calculation initiates from F and all its influx con-
nects are normalized. Three influxes of F can be identified in
the system, and they are normalized to the total influx of F
(62), giving normalized weight as shown in Figure 3b. The
normalization procedure proceeds until no further influx can
be identified.

After the weight of each connection is calculated, pathway
weights are obtained by multiplying each connection weight
in the pathway. When consumption pathways, i.e., pathways
from certain species, are examined, normalized outflux val-
ues of species on the pathway are multiplied. When produc-
tion pathways, i.e., pathways to specific species, are eval-
uated, normalized influx values of the species on the path-
way are used in multiplication. Scaled pathway weights of
the system in Figure 2 are shown in Table 3. The scaled
pathway weights measure the contribution of each pathway
to the consumption of this specific specie, while scaled
weights of pathways to certain species weigh the contribu-
tion of each pathway to the production of this specific

Table 3. Scaled Pathway Weights of the System Shown

in Figure 2
Weights of Weights of
Pathways Pathways From A Pathways to F

1 ABDF 5.78% 2.49%
2 ACDF 20.00% 0.51%
3 ABDEF 8.66% 3.59%
4 ACDEF 30.00% 0.73%
5 ABEF 23.06% 11.68%
6 AF 12.50% 81.00%
Total 100.0% 100.0%
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Table 4. Characteristic Pathways of Methyl Butanoate and n-pentane Combustion

Scaled Pathway Weight

Pathway To = 650 K To =950 K
Methyl butanoate MB — MB2J — MP2D — C2H3CO — C2H3 — C2H2 — HCCO — CO — CO2 46.19% 46.74%
MB — MB2J — MB200O — MB20OH4J — MB20OH400 — MB40OOH2*0 — 10.22% 3.01%
MP3J2#0 — CH30CO — CH30 — HCO — CO — CO2
MB — MB2J — MB20O — MB200OH4J — MBCY402 — MP2D — C2H3CO — 7.31% 4.12%
C2H3 — C2H2 — HCCO — CO — CO2
MB — MBMJ — NC3H7CO — NC3H7 — C2H4 — C2H3 — C2H2 — HCCO — 6.83% 8.88%
CO — CO2
MB — MBMJ — MBMOO — MBMOOH2J — MBCY20M — SC3H50CH2 — 5.38% 3.17%
C3H5-S — C2H2 — HCCO — CO — C0O2
N-pentane NC5H12 — C5H11-2 — C5H1102-2 — C5H1000H2—4 — C5H1000H2-402 — 15.96% 0.32%
NC5KET24 — CH3COCH2 — CH2CO — HCCO — CO — CO2
NC5H12 — C5H11-2 — C3H6 — C3H5-A — C3H4-A — C3H3 — C3H2 — 37.88% 81.12%

HCCO — CO — CO2
NC5HI2 — C5H11-2 — C5H1102-2 — C5H1000H2-4 — C5H1002—4 —
CH3CO — CO — CO2

27.16%
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Figure 4. Characteristic pathways of methyl butanoate oxidation identified by carbon flux analysis.
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Figure 5. Characteristic pathways of n-pentane oxida-
tion identified by carbon flux analysis.

specie. Thus for the example considered in Figure 2, the
pathway activity in Table 3 can be interpreted in the follow-
ing way. Pathway ACDEF makes the largest contribution to
the consumption of species A and has a weight of 30%,
while pathway AF is the most important pathway in the pro-
duction of species F with an 80% contribution. The pathway
weights are normalized to the value of 1, which enables
direct comparison of pathway activity between different sys-
tems.

To demonstrate the pathway analysis method in complex
kinetic mechanisms, the proposed method is applied on the
methyl butanoate and n-pentane mechanisms. In the search-
ing step, methyl butanoate and n-pentane are considered as
initial species to analyze fuel oxidation pathways. A total of
356 pathways are identified for n-pentane oxidation and 293
pathways for methyl-butanoate. However, due to the limita-
tions of space, only few characteristic pathways are shown
in Table 4. The contribution of different pathways to the oxi-
dation of original reactants can be interpreted from the path-
way activities. The pathways summarized in Table 4 involve
various regimes such as second oxygen addition, hydroper-
oxyalkyl radical decomposition, and beta scission. The com-
petition between different regimes is shown in Figures 4 and
5. As shown in Figure 4, in addition to different oxidation
pathways, competition also exists between the decomposition
of carbon chain and methoxyl group, which makes the
methyl butanoate oxidation more complicated than n-pentane
oxidation. Based on the results shown in Table 4, it is found
that the preferential oxidation pathway of methyl butanoate
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is through the hydrogen abstraction from the carbon chain
(Pathways 1-3) rather than the methoxyl group (Pathways 4
and 5). At both temperatures (650 K and 950 K) the com-
bined contribution of pathways from hydrogen abstraction on
the carbon chain (63.72% at 650 K and 53.87% at 950 K)
are much larger than that of pathways from hydrogen
abstraction on the methoxyl group (12.21% at 650 K and
12.05% at 950 K). Lacking an ester group, n-pentane has
less complicated oxidation pathways. At 650 K, three major
pathways are identified, with beta scission the most impor-
tant (37.88%), followed by second oxygen addition (15.96%)
and hydroperoxyalkyl decomposition (27.16%). The compe-
tition favors beta scission as the temperature increases. The
scaled pathway weights indicate that beta scission accounts
for 81.12% of n-pentane oxidation at 950 K while second
oxygen addition and hydroperoxyalkyl decomposition exhibit
very small activities (0.32% and 1.01%).

The pathway analysis of the system reveals the element
transformation network each described by a distinct and
unique sets of characteristic pathways. Given all pathways,
the reaction network can be visualized in the form of a flux
graph with nodes representing mechanism species and edges
denoting the element transformation between nodes. Figures
6a and 7a summarize carbon transformation network of
methyl butanoate oxidation and n-pentane oxidation, respec-
tively. The pathways depicted in the flux graphs correspond
to the most significant species and element transformations
as identified through time-integrated flux analysis. If the flux
graph is coupled with instantaneous flux analysis, the net-
work can be visualized in a dynamic mode with the edge
weights a function of time which depend on which stage of
the pathways is active. Figures 6b and 7b depict species
with large flux at different stages of ignition process. Differ-
ent sets of active species are identified and the evolution of
the network can be captured. Therefore, by visualizing the
evolution of the flux graphs, we understand the temporal
evolution of chemistry. The novelty of our approach is that
we do not simply define a static graph representation of a
chemical mechanism but rather the dynamic evolution of the
reaction pathways, thus enabling the monitoring of the acti-
vation/deactivation of critical pathways as a function of
time.

Reactivity status indicator: a compact representation of
chemical status

In previous sections, we have introduced two kinetic anal-
ysis approaches targeting species and pathways, respectively.
Based on these two approaches, the chemical status of any
reacting system can be fully captured by element fluxes of
all source-sink pairs and the weights of all pathways. How-
ever, for a complex kinetic mechanism which involves thou-
sands of species and tens of thousands of reactions, represen-
tation of chemistry by either of these two approaches is too
expensive to compute, store, and interpret due to the fact
that for every computational unit (time step and computa-
tional cell) in a flow calculation a high-dimensional vector
(flux vector or pathway weight vector) is needed. To repre-
sent, analyze, and visualize effectively the chemical status of
the system, we introduce a novel approach that arrives at a
compact representation of the information content of these

February 2012 Vol. 58, No. 2 AIChE Journal
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Figure 6. Carbon transformation network of methyl butanoate (MB) oxidation and its dynamic evolution in the
reaction process.

(a) Characteristic pathways are highlighted with bold and color edges. (b) active species at different stages are highlighted, 70 = 650 K,
PO = 9.6 atm, ¢ = 1.0. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AIChE Journal February 2012 Vol. 58, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 561



(csHI-
CsHI102T  (CsHI102-1
CSHI000H1-3  CSHIOOOH1-4
CSHI00I3 ) CSHI001-4

C4H8-1

NCSHI2.

“csHI2
I

cs}moz-\

CSHI00OH2-4 < CSHI000H2-3

65HIUUOHI-2 meoonz;mz

. i
C5H10-1 NCSKET24

CH3COCH2L

TesH C5H1002-4
_Jopt C2H5CHO <CIHG)
i . ¥ . gt » ;
CH30 ' (CHIOH) (C2H6 C2H5CO { CH3CHCO
I S N
CH20H (C2HS C4H7 SC2H40H | | C3H5-A
C3Hs (canso) || || (canro) )\ (C3Hs0 T
ar =y A = . 1o
CH20 * NC3H7 { C2H3CHO T CH3CHO
SST=—e(C2H4 P C2H3CO CH3CO /
'yt L
HCO Tc2 C3H2 /
e ' ¥y 3
C2H2 CH2C0
“HCCO.
R i
b Tcor
co2
2600 NCSHIZ
e
2400 . I
o Comiona
2200 cmo e EomI000N | CiRIcoDH2
2000 + CEHIODONIS CHINOOMIE CSIDOONIE CHI000M2402
£ Camioo1d Emiond Comei . Fowemis | Emiod
o 1800 s . - =
‘3- Cams-| CHICOCHD C5HY * CSHIDO24
® 1600 Lo o S
@ 2 F i i i
& 1400 aoo’owon fame) s Ewcnco
s 1200 cuon ) ‘.'—m'«‘ i.'w‘ st (;m.«
CIHE . CIHSO CAHI0 80 7 CIHEA
1000 @ o o £ X
800 @ el D
i , : , , o - @
) 0.04 0.05 0.06 007 008 @ @
Reaction time (s) @

L 4
b

NCsH2

i ez

oA U

CSHIBOOHLS CSHIGOOMI  CSHICOOMI2  CSHICOOH2 402

CSHI00LS | CSHI0 T4 CSHIRD NCSKET24 CiHI02 - - - - -
Catinat Gcocic: Tesin’ * CsHinon4 - Py - G
Lot camscho = e’ ‘ - ‘
ava’ apoi | cme | cawsco CHICHCO @ . ’ -
CIHE C2H50. CaHo CHiso ™ CH-A I I I I I
(S e NCIWT CHHCHD T OHKHO CIHY k. “ "
: i = awor o ey ~auewo | (o
G2 (1) CHICO x 1y 1
. .. . ol R CIHICO CHICO
HEO. cap o i \ 7 3
Az, HCO Tean CiH2
R Teae CHco
e “heeo”
o £9,

Figure 7. Carbon transformation

network of n-pentane oxidation and its dynamic evolution in the reaction pro-
cess.

(a) Characteristic pathways are highlighted with bold and color edges. (b) active species at different stages are highlighted, 70 = 650 K,
PO = 9.6 atm, ¢ = 1.0. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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multi-dimensional vectors. This approach allows the projec-
tion of the totality of the information contained in tempera-
ture, pressure, species compositions, element fluxes, and
pathway weights onto a single scalar. In doing so, multi-
dimensional data can be first streamed from the temporally
and spatially evolving chemical system, and these data are
further processed and assigned a scalar ‘“‘reactivity index.”
These reactivity indexes allow quick identification of the
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chemical status of the system at different time points and/or
geometric regions.

To arrive at a compact representation of chemistry, we
employ cosine coefficient,” to project a multi-dimensional
vector onto a scalar. The metric based on cosine coefficient
provides a normalized measure for similarity between two
multi-dimensional vectors, thus it is widely used in data
mining and clustering.”’** This cosine coefficient metric
evaluates the similarity between any two vectors with same
number of dimensions. Therefore, a unit vector is used as a
basis to assign each multi-dimensional vector a cosine coeffi-
cient. During a reactive simulation, temperature, pressure,
and species compositions, or element fluxes, or pathway
weights are steamed from reactive flow simulations as
“pseudo time series” evolving in time and space. Then for
each of the streamed multi-dimensional vector, its cosine
similarity between the basis vector is calculated and assigned
to current system state. The outcome of this procedure is an
integer representing the local chemical status of the system
which we called “reactivity status indicator.”

Figure 8 compares the cosine coefficient calculated based
on fluxes and pathway weights for n-heptane combustion in
a PFR model. It can be noticed that cosine coefficient of
pathway weights is more representative of the state of the
system than that of original fluxes. This is due to the fact
that in original flux, a few species pairs such as CO to CO,
have much higher flux than other species, which makes these
few species dominant in the cosine coefficient calculation.
While in pathway weights, since outflux and influx of each
specie are normalized, the impact of large fluxes is elimi-
nated. Therefore, cosine coefficient based on pathway

CA=-23.89° ATDC

Figure 9. Temperature, n-heptane concentration, and reactivity index in HCCI engine chamber simulated in KIVA-

3V.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 5. Leading Pathways of Regions 2—4 in HCCI Engine Chamber at CA = —27.26° ATDC

Pathway Pathway Weight
Region 2 NC7H16 — C7H15-1 — C7H1502-1 — C7H1400H1-4 — C7H1401-4 — CH2CHO — CH3CO — 5.71%
CO — CO2
NC7H16 — C7H15-2 — C5H11-1 — C2H4 — HCO — CO — CO2 4.89%
NC7H16 — C7H15-2 — C7H1502-2 — C7H1400H2-5 — C7H1402-5 — CH3COCH2 — CH2CO 4.16%
— HCCO — CO — CO2
Region 3 NC7H16 — C7H15-2 — C7H1502-2 — C7H1400H2-4 — C7H1400H2-402 — NC7KET24 — 2.08%
NC3H7CHO — NC3H7 — CH3 — CH20 — HCO — CO — CO2
NC7H16 — C7H15-1 — C7H1502-1 — C7H1400H14 — C7H14014 — CH2CHO — CH3CO — 1.55%
CO — CO2
NC7H16 — C7H15-3 — C7H1502-3 — C7H1400H3-5 — C7H1400H3-502 — NC7KET35 — 1.37%
C2H5 — C2H4 — HCO — CO — CO2
Region 4 NC7H16 — C7H15-1 — C7H1502-1 — C7H1400H14 — C7H14014 — CH2CHO — CH3CO — 1.87%
CO — CO2
NC7H16 — C7H15-2 — C7H1502-2 — C7H1400H2-4 — C7H1400H2-402 — NC7KET24 — 1.48%
NC3H7CHO — NC3H7 — CH3 — CH20 — HCO — CO — CO2
NC7H16 — C7H15-3 — C7H1502-3 — C7H1400H3-5 — C7H1400H3-502 — NC7KET35 — 1.32%

C2HS5 — C2H4 — HCO — CO — CO2

weights better distinguishes the difference between two sys-
tem states, and thus better serves our purpose to derive a
reactivity index to represent chemical status.

The calculation of the reaction state indicator is performed
for an HCCI engine combustion simulated in KIVA-3V. The
reaction state indicator is derived for each computational cell
at each time step and is shown in Figure 9 for different time
steps. An idealized case is used in this study, with initial
temperature ranging from 750 K to 1100 K and initial equiv-
alence ratio ranging from 0.2 to 1.6. During compression,
cool flame behavior was observed at region 3 which corre-
sponds to initial temperature 750 K. Fuel was consumed and
temperature was increased to similar level of Region 2. This
cool flame behavior is well captured by the reaction state
indicators since at this region is much larger than the rest
portion of the chamber. Another observation is that regions
with the same initial temperature have similar reaction status
than two regions with the same equivalence ratio. Consider-
ing regions 2, 3, and 4 for example, Region 2 and Region 3
have the same equivalence ratio but different initial tempera-
tures while Region 3 and Region 4 have the same initial
temperature but different equivalence ratios. As indicated by
the reactivity status indicator, Region 3 and Region 4 are
more similar than Region 2 and Region 3. This conclusion is
also demonstrated by pathway analysis for these three
regions. Leading pathways and their weights at these three
regions are compared in Table 5. The results indicate that
Region 3 and Region 4 have very similar leading pathways,
while Region 2 is characterized by different set of active
pathways. Leading pathways of Regions 2-4 are also
depicted in the flux graph of n-heptane oxidation in Figures
10-12. As shown in Figures 11 and 12 active parts of the
flux graphs of Region 3 and Region 4 largely overlap but
Region 2 has a different set of active pathways, as shown in
Figure 10.

When the chamber is ignited and the flame propagates,
reactivity index divides the chamber into four regions. A
thin region with the largest reactivity index is the flame
front. In front of flame front is the un-ignited region which
has elevated reactivity index and is ready to be ignited.
Right behind the flame front is the postignition region where
some remainder oxidation reactions are taking place. Behind

564 DOI 10.1002/aic
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the postignition region is the area where ignition is complete
and all reactions are finished, resulting in lowest reactivity
index. We also performed flux analysis for these four differ-
ent regions (Regions 5-9 in Figure 9). Leading species tran-
sitions are listed in Table 6. In Region 7, the flame front, the
production of CO, dominates the reaction system. Similar
leading transitions were observed in Region 6 but with much
smaller flux. While in Region 5, all reactions are nearly
completed and very small fluxes were observed. In the un-
ignited region (Regions 8 and 9), fuel oxidation and interme-
diate molecules production are the most active parts in the
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Figure 10. Active pathways of n-heptane oxidation in
Region 2 of the engine chamber (as indi-
cated in Figure 9).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 12. Active pathways of n-heptane oxidation in
Region 4 of the engine chamber (as indi-
cated in Figure 9).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 6. Leading Carbon Fluxes of Region 5-9 in HCCI
Engine Chamber at CA = —23.89° ATDC

n-Heptane Oxidation

From To C Flux
Region 5 CO cOo2 5.38E-06
HCCO HCO 2.93E-06
CH3CO CcO 2.37E-06
C3H5-A C3H4-A 1.74E-07
C3H5-S C3H4-P 9.35E-08
Region 6 CcO CcO2 5.18E401
HCO CcO 4.32E+00
HCCO CcO 3.73E400
CH30 CH20 8.91E-01
CH20 HCO 7.47E-01
Region 7 CcO cOo2 3.26E+05
HCO CcO 5.32E4-03
HCCO CcO 4.58E+03
CH30 CH20 4.31E+4-03
CH20 HCO 3.95E+02
Region 8 C3H6 C3H5-A 6.33E402
CH3COCH2 CH2CO 5.92E+02
CH2CHO C2H301,2 5.57E+402
CH3CHCO C2HS5 4.89E+02
CH3CO CcO 4.35E4-02
Region 9 C3H6 C3HS5-A 5.52E+02
CH3COCH2 CH2CO 5.01E402
CH2CHO C2H301,2 4.76E+02
CH2CO HCCO 3.93E+02
CH3CO CcO 3.53E402

reaction network, indicating that the system is at preignition
stage. Although Regions 8 and 9 have different fuel concen-
trations, similar leading transitions were observed only with
slight difference in flux magnitudes. If one interprets chemi-
cal status from temperature, only ignited region, flame front,
and un-ignited region can be identified. From the flux values
of Regions 5 and 6 it can be seen that the ignited region can
be further divided due to different chemical activities. While
from fuel concentration map, the un-ignited region can be
divided into sub-regions with different fuel concentrations.
However, as shown by the fluxes of Regions 8 and 9, these
sub-regions have similar chemical status despite different
fuel concentrations.

Concluding Remarks

This article presented a computer program that performs
fundamental kinetic analysis of complex reaction mecha-
nisms based on time-integrated and instantaneous element
flux. The flux pointers are used for the analysis of species
activities, correlation between species activity and system
dynamics, and pathways activities. Four novel aspects of this
flux-based kinetic analysis are illustrated:

(1) The analysis of species activities based on element
flux which provides accurate representation of reactive
propensity.

(2) The analysis enables automatic identification of path-
ways connecting specific species in the system. The coupling
of flux analysis and graph visualization software allows the
visual inspection of the reaction pathways.

(3) By employing a normalized in-flux and out-flux of
each species in the pathway, the program is able to quantify
the activity of the entire pathway.
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(4) A compact representation of the chemistry is achieved
by projecting the totality of information contained in path-
way weights onto a scalar computing the cosine similarity
between pathway weight vector and a base vector.

The proposed kinetic analysis framework retrieves species
concentrations, temperature, and pressure from the simula-
tion to carry out element flux calculations and subsequent ki-
netic analysis procedures. The proposed analysis can be eas-
ily extended to the analysis of other models and chemical
mechanisms. By optimizing the flux computing algorithm,
the CPU required for the analysis is reduced to a minimal
level, which makes it easy to interface this program to other
simulation programs.
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Appendix A: Pseudo Code of Element Flux Analysis

Species participating in each reaction (K and K1) are identi-
fied and if two species contain the element of interest (pseudo
code line 4 and line 8), we use the stoichiometric coefficients
ISTOIC and ISTOICI to determine whether the two species
have a reactant/product relationship (pseudo code line 10).
Then the summation of the absolute values of forward and
reverse reaction rates and number of atoms of element NELE
in species K and K1 and this specific reaction determine the
flux value between these two species (pseudo code line 15 and
16). The flux pointer for the two species AJK(IFROM, ITO, t)
of current time step is created and stored.

e [CWKR: CHEMKIN work array containing all neces-
sary information for describing the reactions and the associ-
ated thermodynamics

e NII: number of reactions in the mechanism

e MXSP: maximum species allowed per reaction

e [CNK: memory location defined by CHEMKIN

e [STOIC: stoichiometirc coefficient

e NCF: CHEMKIN function determining whether species
“K” contains element “NELE”

e Qfwd: array containing forward reaction rate calculated
internally via CHEMKIN

e Qrev: array containing reverse reaction rate calculated
internally via CHEMKIN

.DO1=1,NII
DO N = 1, MXSP-1
K = ICKWRK(ICNK + (I-1)*MXSP + N - 1)
IF (K .NE. 0 .AND. NCF(NELE,K) .GT. 0) THEN
ISTOIC = ICKWRK(ICNU + (I-1)*MXSP + N - 1)
DO NI = N+1, MXSP
K1 = ICKWRK(ICNK + (I-1)*MXSP + N1 - 1)
IF(K1 .NE. 0 .AND. NCE(NELEK1) .GT. 0) THEN
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9. ISTOICI = ICKWRK(ICNU + (I-1)*MXSP +
NI1-1)
10. IF(K.NE.K1.AND.ISTOIC*ISTOIC1.LT.0)
THEN
11. IFROM = K
12. ITO = K1
13. NAJ = ABS(ISTOIC)*NCF(NELE, IFROM)
14. NAK = ABS(ISTOIC1)*NCF(NELE,ITO)
15. AJK(IFROM, ITO, t) = AJK(IFROM, ITO, t) +
16. (ABS(Qfwd(I))-+ABS(Qrev(I)))*NAT*NAK/
(NAI(D)
17. ENDIF
18.  ENDIF
19. ENDDO
20. ENDIF
21. ENDDO
22. ENDDO

Appendix B. Naming Conventions of the Methyl
Butanoate and n-pentane Oxidation Mechanisms

mb=methyl butanoate

mp=methyl propanoate

me=methyl ethanoate

mm=methyl methanoate (=methyl formate)

ba= butanoic acid

Carbons are numbered starting with 1 = carbonyl carbon.

m denotes the carbon in the methoxy group.

Groups attached to a given carbon atom are listed after
the number or letter labeling that carbon atom.

j denotes a radical site.

*0 denotes an oxygen atom attached via a double bond.

For example, mb3j4ooh is methyl butanoate with a
hydroxyl group attached to the terminal cabon (number 4)
and a hydrogen atom missing from the carbon next to the
terminal one (number 3)

d denotes a double bond connecting carbon n and carbon
n+1.

For example, mb2d has a double bond between carbon 2
and carbon 3.

An example of a cyclic species is: mbcy402, which resem-
bles mb but has an O bonded between carbons 4 and 2.

Note that in many cases a more conventional notation is
used.

For example, ch3oco is used instead of mmlj. This is
mainly for consistency with other reaction mechanisms.

Naming conventions are provided by Lawrence Livermore
National Laboratory, which is also made available online:

https://www-pls.lInl.gov/data/docs/science_and_technology/
chemistry/combustion/prf_glossary_v2.pdf

https://www-pls.lInl.gov/data/docs/science_and_technology/
chemistry/combustion/mb_notes.txt
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