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Abstract

In this work, the concept of shortest path and betweenness dgn{&G) is introduced in
combustion systems, with its application demonstrated in chemmetwork analysis and
skeletal mechanism generation. After establishing the grapkeisadsentation of a chemical network
for given pressure, temperature, and species concentrationsiria B@ is defined to rank the
shortest paths passed by other nodes between the pair of souragyahddde, and as such captures
the dominant indirect kinetic pathways between any pair of nodég®inetwork for computational
diagnostics. Consequently, the controlling pathways are rethinedllecting the species with larger
BC values. Such a notion then indicates that the index of impertah species could then be
assigned based on their BC values to further guide skelet&lamem generation. Unlike existing
methods, the betweenness centrality approach takes into accourt tid@ituixes between species
and their relative positioning within the chemical network. To detmatesits potential utility to
combustion studies, the approach was applied to the GRI-3.0, LhNIU&C-Mech Il mechanisms
to identify the important pathways in the chemical network el édacal reaction state, and develop
skeletal mechanisms from all reaction state samples origwmition and perfectly stirred reactor
(PSR) simulations. The performance of the BC ranking is comparéde methods of directed
relation graph (DRG), DRG with error propagations (DRGEP) amdisvity analysis (SA), and is
shown to possess sufficient utility in producing skeletal mechanigitis good accuracy and

flexibility for the cases studied.
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1. Introduction

Chemical kinetics of fuels oxidation invariably involve a lamgember of strongly-coupled
species and reactions, which not only impose considerableuttiffic identifying the controlling
entities, but also require high computational cost to attaen understanding, validation, and
prediction of the underlying complex chemical and flame procdd$e€onsequently there exists
considerable interest in developing computational tools for tagndstics of the processes and
phenomena of interest, and for the reduction of the size and cotypbéxine detailed reaction
mechanisms describing them. For computational diagnostics, tiggnsanalysis (SA) [2],
computational singular perturbation (CSP) [3] and its extensiaimgochemical explosive mode
analysis (CEMA) [4] have been developed to identify ingoar species and reactions for global and
local parameters. However, there are many situations fahwhese methods are either not feasible
or capable of providing the information needed. For exampléhaendirect numerical simulation
(DNS) of a turbulent flame, it is not practical to perturb date reaction rate constant and redo the
simulation to obtain the sensitivity coefficients. CEMAa useful tool to obtain the explosive mode
of the local chemical Jacobian matrix and the correspondingilmatinin from each species and
reaction; however, it is not able to be applied to mixturdBout a chemical explosive mode or

indicate the important pathway associated with the productioertain species.

Regarding mechanism reduction, methods based on graph theory, rib&abliyected relation
graph (DRG) [5-7], and the subsequent extensions of path fluxsséPFA) [8] and DRG with
error propagation (DRGEP) [9], have been developed, resttiirgubstantial simplifications in
reducing the model size and the subsequent application in coarbustideling[10-14]. These
methods use different criteria to rank species based omsampling of reaction states, locally
characterized by temperature, pressure, and species catioest The species rankings are
subsequently used to guide the elimination of species frameemical mechanism. A systematic

comparison of the DRG-based methods can be found in [15].

In the present work, the concept of betweenness centr&@i@y), (which measures the relative
connectivity of a node in a network based on the shortest pd&hsghdopted to study the complex
chemical networks in combustion systems [17]. Our inteneskploring the potential of this concept

in chemical systems is motivated by recognizing that overptist decade this concept has been
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widely and fruitfully employed in the analysis of equally coexphetworks that exist in, for example,
social science [18], computer science [19], biology [20hdpart [21], scientific cooperation [22],
and interdisciplinary interactions [23]. In the following we sliast present the formulation of the
concept of BC within the framework of the chemical netwd¥e shall then demonstrate its utility
in autoignition as well as perfectly stirred reactor (PSR)esns, and compare its performance with
those of DRG, DRGEP and SA. It will be shown that the conaePC, which considers both fluxes
and the relative positioning of species within a chemicalvark, provides useful information of
indirect kinetic influence between any pair of specas further generates a species ranking that
both effectively quantifies the relative importance of sgpecnd predicts target parameters in

combustion simulations with considerable accuracy and flexibility
2. Graphical Representation and M ethodology

Different from graph representation in the DRG based methbdsforward and backward
reactions of each elementary reaction are treated atefyarso as to retain as much kinetic
information as possible. A graphical representation of a claémétwork is chosen such that each
node represents a chemical species and an edge of wgidhgtween nodes A and B is defined as

the sum of the reaction rates, with species A beingetaat and B a product:

N

Lpp = ZVA,i(wf,ifsf}iB + wpi647)
i=1

where wf;, w,; are the forward and backward reaction rates, respe;,ctiwslfltheith reaction, and
vu; IS the stoichiometric coefficient for species A in fflereaction. 54 = 1 if and only if the
forward or backward direction for th& reaction includes A as a reactant and B as a product, and

548 = 0 otherwise. Such a definition denotes a lumped consumptienofaspecies A for the

formation of species B and the adjacency maitiix asymmetric.

Recognizing that a species can participate in many elamyergactions, for an arbitrary
reversible reactiorR,p; with index| involving both A and B, which can be in the form of either

VA + vyM < vgB + vyN or vA + vgB < vyM + vyN, the consumption rate of A for the

formation of B through either form ak,z; can be expressed as; (w677 + wp,84.0).



Therefore, the ratio of the consumption rate of A due to thedton of B through reaction
R4p, to the total consumption rate of A is:

vA,l(wf,lafA}LB + wp 647)

N5 «N AM; AM;
Zi=sl 2151 vAJ(a)f_j5fJ - wb'jé‘b,j L)

P(Ryp;) =

where the subscripisandj designate thé" species and thjép reaction, respectively. Assuming that
each elementary reaction between A and B occurs indepgndéet normalized rate for the paths

from nodes A to B can be measured as:
Pyp = P(RAB,l) + P(RAB,Z) + e+ P(RAB,n)

N
X8 vaj(wy ;877 + wpj647) Lag

= oNs N AM; AM~ — wN
ity ijl Va,j(wp,j6p " + wp, 6, ;) 221 Lam,

Although tracking the flux of element in each elementaaction would be difficult, the above
definition then shows the physical meaning of the fraction @fcimsumption of species A by the
formation of species B. It is noted that there is a médjtierence in the manner of species B
interacting with species A from DRG and its extensions. Spaltif, species A must appear on the
reactant side and B must appear on the product side inteoneasd hence it carries the information
of the direction of flux from A to B. As a result, the malized rate of such a transfer along any
pathway between two nodes (from souvteto targetM,) can be modeled as:

n-1
P(Ml Mn) = 1_[ PMiMi+1
i=1

This quantity then measures the indirect influence of theceonode on the target node in a
chemical network. It is not unreasonable to expect that therléhe value oP along a certain path,

the more possible is the transfer from the source to thet.taigerefore, it would be of interest to
investigate paths with large values including the most probable path, connecting any twasradde
interest in the reaction network. As will be shown infibleowing sections, the pathways identified
generate useful information of reaction paths especiallpddes without direct connections, which

so far cannot be systematically obtained for computationghdstic purposes.



We now introduce the BC concept in the adjacency mattoxdescribe the effectiveness of a

node in connecting any other two nodes as:

W, = Z pst () _ Z Psk * Pkt
Pst Pst

s#t+k S#t*k

where p,; is the most probable path from nodds t when travelling through the adjacency matrix
P by any possible path,e., ps; = maxP(s, ..., t) for all possible paths frons to t. The BC is
defined for each nodeas the summation of the ratio of the most probable path frodes tot to
the most probable path from node® t passing through node which considers how frequently a

node serves as a hub between other nodes.

In order to numerically evaluate BC efficiently, by furtiefining a new matriA as 4;; = —InP;j,

it is readily shown that

—path lengthof ABC — ,—Aap—ABc — pINPap+inPpc — —
e P gthof = ¢ 44B~4ABc = glnPaB BC = PypPpc = Pupc

which means that the shortest pathAirtorresponds to the most probable pathPimAnd such a
shortest pathg, can be readily found by using Dijkstra’s algorithm [24] wathime complexity of
O(|E| + |V|log|V]), in which E| is the number of edges and| [the number of vertices.

Consequently the metric of BC can be defined to rank theespier removal:

e—O'(A,S,k) . e—a(A,k,t)
W, = — ea(A,s,t)—a(A,s,k)—a(A,k,t)
k e—0(4st)

k#s,t k#s,t

where g(4,1,j) is the length of the shortest path from notkej in the adjacency matrik, and W,

is the BC for thek" node. Therefore, the rank of a node by its BC value impliesahk of the
shortest path passing it, i.e., with a larger BC valusgde lies on a shortest path with higher rank.
Due to the large size of the adjacency matiand its asymmetry, if two nodes happen to have the

same value oWV, they probably lie on the same shortest path.

In combustion systems, since the global flux originfxtea reactants (Fuel, fDand terminates
to major products (CHH,0, etc.) and important intermediates, it is reasonable and computdgional
convenient to just sum over a few pairs ef ), such as (Fuel, CQ (O,, H;O), etc., when

evaluatingW,,. To further reduce the overhead in calculating the shoristfipm different starting
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nodes, dummy source and target nodes are added in the adja@ngyAnSpecifically, a dummy
source nodeS§) directly connects to the real nodes of origination (fuel exidizer) by equal edge
weights. Likewise, a dummy target node (s directly connected to the real nodes of termination
(major products C®and HO or important intermediates) by equal edge weights. Ther¢far&C

value can be simply evaluated fr@to T, i.e.,

Wk — eO'(A,S,T)—J(A,S,k)—a(A,k,T)

and bothSandT can be disregarded after the calculation. The veldtaan then be used to identify
different levels of shortest path and the importance of spdgjesollecting species from large to
small BC values, the shortest paths connecting the sourcai@ad nodes are incorporated in the

skeletal mechanism from high to low levels.
3. Demonstration of Shortest Path and BC
3.1 Generic Demonstration Problems

Reference [6] demonstrated the significance of combithegforward and reverse rates in
terms of the consideration of partial equilibrium reacti@ml raised the concern of the decay in the
species relation for a long pathway in the DRGEP methodshdw the applicability of the current
definitions, we consider an example similar to the one desciibgg] and [9], namely a path from a

fuel F to a product) that goes through several intermediate spdgi¢s R,

kof=1 R klfzklbzl/é‘ R szzkzbzl/&' R knfzknbzl/&'
1 2 nS————

The first reaction is much slower, and all the subsequerttioms are fast ones to reach partial
equilibrium after a short transient period. Then the firsttr@adecomes rate-controlling and the

concentrations dRs andQ are approximately equal. The species correlations caaltdated as:

_ Wor __ — @i
PFRl_ _—1, PRlRZ_ _—1,

(Uof (l)lf

w .
PR2R3= 2f = 05 = PRiRi+1 = PRnQ (l = 2, e, — 1)

(l)lb‘l'wzf



Slml|al’|y, PRle = PR'

i+1R;

= 05 =1,..,n—1), Ppg, =1. The most probable path f&; from

F is thenp(F, Ry, ..., R—1,R,,) = 0.5"2, which approaches 0 wheris large; however, the BC of

specieRR, between the pail Q) is then calculated as:

_ PFrr, ® PryQ 0.5"2¢0.5

w = =
R pFQ 1 L4 1 L4 0_571—1

1,

n

which implies the importance &, to F is not underestimated. Actually, all the other spedeesi
the same shortest path, which is the only reaction path campdetand Q. Therefore, all

intermediates are equally important for the productio® ahd no species can be removed.

We next examine a more complicated case with two patims reactantF to productQ,

specifically:
kor=1 klfzklbzl/&' szzkzbzl/&' knle/&'
A F R, R, . R,
k(,)f:&' k;.f:k;.bzl/g k;f:kébzl/s k.;lle/&'
B: F S, s, AR

for both channels A and B; the first step is much slower tha subsequent reactions, which reach
partial equilibrium after a short transient period. The difieesis that channel B needs a much
longer relaxation time than A. For this system, it is obsithat channel A dominates over channel B

for the generation of produ@ By definition,

!
Wof 1 wof &
_t = = =— P = P =1
woptwor 1+’ FSy wortwor  1+e’ RiR; 5152

PFRl =

Similarly, Pg,g,,, = Ps;s;,, = Pryo = Ps,o = 0.5 ({ = 2,..,n—1). The shortest path frofa to Q

is through channel A and therefore the BC value of sp&issl, the same as in the last case. Take

S;for example, the BC value is then:

M

_ Prs; ® Ps;0 _ 1+¢

Ws

[+

3

Pro
1+¢

It is clear that channel B is the second shortest path campé&candQ, and thus the species along it

are not as important as those along A. This therefore furthmaprddrates that the BC concept



considers of both the flux and the relative positions witheanetwork, and merits its application in

more complex reaction systems.
3.2 Autoignition of methane

We first select GRI-3.0 [25] to demonstrate the shortedsh @mnd the BC concept. The
mechanism consists of 53 species and 325 elementary reaetiinsnethane oxidation as well as
the NQ chemistry. The first condition tested is a stoichiometnigture of methane and air at
atmospheric pressure and initial temperature of 1600K, as slwwhe mole fraction and
temperature history plot in Fig.1. Two points A and B arekethto demonstrate the concepts, with
point A chosen just before ignition, at t=4.00E-4s and T=1656.7K, and Pahbsen after ignition
but before the system reaches chemical equilibrium, at t=618GHd T=2681.3K. Local BC values
of each species are evaluated for the pairs;(CH,) and (CH, CH,) at point A, and therefore
different levels of shortest paths are identified betwhersburce and target pairs. As shown in Fig.
2(a), CH, HCO and CO have the largest BC value, forming the sigoth connecting the pair
(CH4, COy); followed by CHO and CHO with the second largest BC value, along the second
shortest path, etc. Hence, the results show the major patow&0O, formation is to first form Ckl
through H abstraction, followed by further partial oxidationfdom CHO, CH,O and HCO and
eventually CO and COFor the GH, formation shown in Fig. 2(b), GHCHs, and GH4 have the
largest BC value, serve as the shortest path—&EH;—C,Hs—C,H;,—C,H,. With many indirect
reaction channels, the shortest paths identified coincittethe existing understanding of methane
oxidation process, such as in [26], and provide useful informaficghe dominant global reaction
pathway at the local point. In many applications, a cortification for the cause of pollutant
(such as NO) is the prerequisite for its control, due to diffeworking conditions and various
formation mechanisms. For point B immediately after ignitmompared with the formation of the
major species such as génd HO, it takes much longer for the formation of NO as sedfign 1.
Therefore, the BC value is evaluated for the pai, (NO) to identify the major pathway for NO
formation. It is found that the shortest path is-NNO and the second shortest path jsM—NO,
which indicates that for the current case, the main NO foomagsi from the Zel’dovich mechanism

N>+O=NO+N, Q+N=NO+0O and N+OH=NO+H.



With the shortest path and BC shown at an instant reactite sta shall next illustrate its
application in global sampling for the entire ignition processititgn delayr is first defined as the
time with the maximum temperature increase rate, and enangbling points (35) are chosen in the
sampling range from 0.00%o 1G. When evaluating the global BC, the dummy source e
chosen to connect to Gknd Q and the dummy target nodeis then connected to G@nd HO.
The BC values of each species are then calculated asaag#ling point and the maximum among
all sampling points is taken as the overall BC for egmécies during ignition. Such overall BC of
each species is normalized by the maximum value. As a caopaan improved version of DRG [7]
and DRGEP [9] are applied, in which the species rankingggaen by the maximum DRG and

DRGEP values among the same sampling points, respectively.

The results show that radicals such as OHp,HD etc. generally have higher BC, which is
reasonable since they involve many reactions and inteiticinvany other species in the chemical
network. On the other hand, species such as HOCN pattisipaonly a few reactions; therefore the
small BC indicates their weak roles in connecting the odtw/Ve next assess the ranking of BC and
how it can be used in guiding the chemical network analysifinexample, skeletal mechanism
generation. Based on the sampling and calculation in FgkeBetal mechanisms of different sizes
can be built up by sequentially keeping species with highermgskif overall BC. The relative error
of the ignition delay for each skeletal mechanism is theneplonh Fig. 4 for DRG, DRGEP and BC
rankings. With the same sampling points and error evaluatioallfsizes of skeletal mechanism, it
is expected that the effectiveness of providing satisfachoigx of importance by each method can

be observed.

It is seen that with the same sampling, all methodspradict the global parameter of the
ignition delay time quite well, and the obvious trend that gelamechanism size results in smaller
error. More importantly, however, the results show that ém&ing given by BC is more accurate
than DRG and DRGEP for almost all sizes of the skeletaharésms generated. To explore the
cause of this improved performance, Fig. 5 shows the setysiivignition delay to each species,
which is defined as the relative error in the ignitiotageby removing only the corresponding
species from the detailed mechanism. It is then demorstiadg as a general trend, those species

with higher and lower sensitivities are respectively rametatively high and low by the BC value;



while in the DRG ranking, some species with high sensgwitire ranked relatively low. If this is
the reason for the improved performance of BC, then it wdealdof interest to evaluate the
performance of ranking by the sensitivity of each species, albhibiigg computationally expensive.
The relative error in the ignition delay by the sensitiatyalysis (SA) ranking is also shown as
circles in Fig. 4. Not surprisingly, among all four rankintdpg ranking by SA has the lowest error

for almost all mechanism sizes.

Further studies with different temperatures, pressures andaénée ratios show that the
ranking by BC predicts ignition delay time more accurately, wkaegely coincides with the species
sensitivity ranking, as detailed in tisapplementary Materials. From the definition of BC, such a
correspondence is reasonable in that a species with a Ivigluer of BC generally sits along the
shortest paths connecting a major pair of species, and aoiote as species is removed, many
important paths passing it are consequently removed, leading‘det@ur” in major paths and
therefore flux into secondary channels and affecting the rgsbcdlbuilt-up process during ignition.
To further show the chemical fidelities of the skeletalchamisms generated, Fig. 5 compares
selected species concentrations calculated by the detaieskaletal mechanisms with 25 species
by all rankings. As a general trend, all mechanisms parfeell to capture the change of the major
and minor species in the phase plot. However, comparedhtdiscrepancy from the GHCHg,
HO,, OH profiles predicted by the DRG and DRGEP skeletal nmestms of the same size, such

difference for the BC mechanism is hardly discernible.

To give a better sense of skeletal mechanism generation sowgider range of system
parameters, using the BC method, a skeletal mechanisi@Hgair mixture with 32 species is
produced based on GRI 3.0, yielding accurate ignition delaystbgeparametric space (pressure
ranging from 0.1 to 30 atm, equivalence ratio from 0.5.5 ihitial temperature from 1000 to 1600
K). In addition, we have also validated it for the NGtbiy, PSR extinction and laminar flame speed,

demonstrating satisfactory performance as shown in Fig. S3a3&&3upplementary Materials.
3.3 Two-Stage I gnition of n-Heptane

A more complicated case for autoignition is the two-stagdtiogn phenomena in the

negative-temperature coefficient (NTC) regime [27], witle first-stage caused by the low
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temperature chemistry and producing intermediate speciesasualdehydes and ketones, followed
by the second stage driven by®dchain branching and small radical reactions. From previous wor
on model reduction, this is usually the regime where tlge$areduction error in the ignition delay
occurs. Consequently, we have selected the autoignition of stmietric n-heptane/air mixture at
the initial temperature 650K and atmospheric pressure withitNTi@ regime to demonstrate the
application of shortest paths and BC, using the LiiNheptane mechanism [27] of 561 species and
2539 reactions. The mole fractions of selected species durimgydhstage autoignition are shown in
Fig. 7. It is shown that both the reactant depletion and #jernspecies accumulation processes
exhibit the two-stage behavior. Since aldehydes are genewaibidered as the major products for
low-temperature chain branching reactions [28] and CO is a goazhiadifor the low-temperature
reactivity [29], it would be of interest to apply the currem¢thod to identify the major reaction
pathway for their formation in light of the existing understagdiConsequently the local BC of each
species connecting the pairs;{@,HsCHO) and (C;H6, CO) are evaluated respectively at Point C
just before the first stage ignition with t=5.74E-2s and T=@00as shown in Fig. 7. Figure 8(a)
show that the formation of HsCHO is mainly from the low-temperature chemistry, yetrfrtwo
different major channels identified from the shortest pdib: first is through the formation of
ketohydroperoxides and its decomposition; and the second is frasadbed and third shortest path,
representing the decomposition of cyclic ether formed fromQ@®H radicals [27]. For the CO
formation fromn-heptane at low temperatures, the major pathway as shokig.iB(b) is similar to
that identified in the high-temperature methane autoignitiae,ctorough the formation of HCO
radicals. However, because of the long chain structurehefptane and the various decomposition
products, there are additional major pathways for CO formatsmch as those from the

decomposition of propionyl (EisCO) radicals.

For the global sampling of the two-stage ignition, theamajtermediates and products vary
with time due to the transition from low to high temperatunenaistry. Therefore in order to
evaluate the BC more properly, a dynamic evaluation processrasluced. Specifically, at each
sampling point during ignition, according to the ranking of theallaoncentrations, the top 5%
species (excluding original fuel, oxidizer, and major inert) el chosen as the major intermediates
and to connect to the dummy target nddevhile the dummy source nodgis still connected to the

original fuel and oxidizer. Such treatment could improve #ggwing of the controlling chemistry
11



locally without increasing much the computational cost. Bysame sampling and error evaluation
process, the relative errors in the ignition delay asation of the skeletal mechanism size based on
the BC/DRG/DRGEP rankings are compared in Fig. 9.dh@wvn that with dynamic evaluation, BC
ranking can capture the ignition delay time more accurabely, the lowest error for almost all
mechanism sizes. Figures 10(a) and (b) compare the sedpeteids concentrations calculated by the
detailed and the skeletal mechanisms with 140 species fan#iihgs. It is seen that, compared with
the DRG and DRGEP methods, better agreement is achietledtheidetailed model for both major
species and selected intermediates predicted by the BC rahkimgg further showing its capability

of retaining major formation channels to major intermediatelsproducts.
3.4 PSR Studies

While auto-ignition describes the low through moderately heghgierature ignition chemistry, PSR
captures the high-temperature chemistry relevant for intbns@ing and extinction. To show the
application of the BC in PSR, a case of stoichiometimtene/air mixture with inlet temperature
1000K is calculated wittuSC-Mech 11[30], which consists of 111 species and 784 reactions. The

S-curve response of the reactor temperature to residereetshown in Fig. 11.

To show the application for computational diagnostics, a local pothttemperature 2262.8K on
the upper branch of the S-curve is selected, and the shortest@aie evaluated are set between the
fuel molecule to benzene, and such pathway could provide us&uhation for the PAH and soot
precursor formation. Figure 12 shows that the major pathwaysddrethzene formation are largely
through the formation of 4H; radicals, hence further supporting the well-accepted notiorhéar t

role as benzene precursors [31].

For global sampling, to represent all specific reactiotestand relations among the species, about
20 points are sampled along the S-curve including the upper intensmgblranch and the
intermediate branch. When evaluating the BC, the dummy source cooehects to the original
reactants 1-butene ang,Qvhile CGQ and HO are chosen as the major products to connect to the
dummy target node. Similar to the autoignition case, theabvienportance of the species is then
ranked by its maximum BC value among all the sampling pointsefdre, skeletal mechanism with

different sizes can be constructed by keeping species fromicigtv in the ranking. In Fig. 11, itis
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seen that the two typical skeletal mechanisms withouarsizes from 40 to 80 can all capture the
entire S-curve well. As a comparison, DRG and DRGEP @pkeal with the same sampling points,
and the relative error in residence time is calculadelvery sampling point by keeping the
temperature fixed. For each skeletal mechanism, thetworsr is given by the maximum of the
relative error in the residence time among all the samgpioints, as in Fig. 13. It is seen that the
ranking by BC can generate mechanisms with the samebsizenproved accuracy for almost all
sizes, showing its effectiveness in capturing the majoriepealong the dominant chemical

pathways.
4. Conclusions

The concept of betweenness centrality (BC) is introduceth@émical networks for the purposes of
computational diagnostics and skeletal mechanism generagamygnizing that this concept not only
considers the flux between nodes, but it also accounts for theveefmsitions of nodes in the
network. By applying it at the local points of autoignition and R8Rditions, it is shown that the
metric BC can satisfactorily detect the local controllzigemistry, such as intermediate species
formation, low-temperature chemistry, NO and soot precursordioon, etc. Therefore, it is a useful
tool to identify the indirect chemical effect between any spdemplementing the existing tools
such as sensitivity analysis and chemical explosive mode andfgs global sampling, it is found
that the BC concept could properly rank the importance ofpleeies, as shown in both high/low
temperature autoignition and PSR combustion systems. It nsorgdrated that the skeletal
mechanisms can be generated quite flexibly by BC rankingandapture the target parameters as
well as the detailed kinetics of important intermediatesnewmore accurately as compared to the
DRG and DRGEP with the same sampling and error evaludti@nevertheless also emphasized
that the present study is exploratory in nature, focusing onpplkcability of the BC concept in
combustion systems. The results are encouraging, meritimgfunivestigations to possibly enhance

its utility and robustness as a computational tool for reacgtwork analysis and model reduction.
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Figure captions

Fig. 1. Temperature and mole fraction history of seledpdcies for stoichiometric GHhir
autoignition at initial temperature 1600K, pressure 1 atm.

Fig. 2(a). Normalized BC and shortest paths from @HCQ at Point A in Fig. 1.
Fig. 2(b). Normalized BC and shortest paths from, @HG,H, at Point A in Fig. 1.
Fig. 2(c). Normalized BC and shortest paths frosrtdINO at Point B in Fig. 1.

Fig. 3. Rankings of species by maximum DRG value, maximumERG@lue, and normalized
maximum BC value over all sampling points for the autoignition oabé&. 1.

Fig. 4. Relative error in ignition delay time for skelet@chanism of all sizes by BC, DRG, DRGEP
and sensitivity analysis (SA) methods for the same conditiam&ig). 1.

Fig 5. Sensitivity of each species for rankings by DRG B@dmethod as in Fig.1, showing better
correspondence between BC and sensitivity.

Fig. 6(a). Comparison of major species concentrations ctdculasing the detailed and skeletal
mechanisms of 25 species by different methods for autoagniti stoichiometric Chktair under the
condition of Fig. 1.

Fig. 6(b). Comparison of selected intermediate species owatens calculated using the detailed
and skeletal mechanisms of 25 species by different methodauforignition of stoichiometric
CHjs-air under the condition of Fig. 1.

Fig. 7. Species history in a two-stage ignition processt@thiometric n-heptane/air with initial
temperature 650 K under 1 atm.

Fig. 8(a). Normalized BC and shortest paths connectingar®@ GHsCHO at t=5.74E-2s and
T=800.0K in Fig. 7.

Fig. 8(b). Normalized BC and shortest paths connecting fueCandt t=5.74E-2s and T=800.0K in
Fig. 7.

Fig. 9. Relative error in ignition delay time for skeleteechanism of all sizes by BC, DRG, DRGEP
(starting from H and nf1,6) methods for the same condition as in Fig.7.
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Fig. 10(a). Comparison of major species concentrations ceddulesing the detailed and skeletal
mechanisms of 140 species by different methods for auto-igrofi@ioichiometric n-heptane/air
under the condition of Fig. 7.

Fig. 10(b). Comparison of intermediate species concentratialtsilated using the detailed and
skeletal mechanisms of 140 species by different methods faorignition of stoichiometric
n-heptane/air under the condition of Fig. 7.

Fig. 11. PSR calculation by USC Il and skeletal mechamtmiifferent sizes by BC method for
stoichiometric 1-butene/air mixture with initial temperat@®00K and pressure latm.

Fig. 12. Normalized BC and shortest paths connecting 1-butene andnbeat local point
T=2262.8K on the upper branch of Fig. 11.

Fig. 13. Worst error in residence time predicted by s&kteechanisms of all sizes by BC, DRG,
DRGEP methods, for all sampling points along the S-curve oflHEig.

16



1 3 T |
2800
01 L
- 2600
001 & 2400 __
F <
C N
S . o
B 1E3 | 2200 S
T = F ©
[ —
@ 2
L i
S B4l 2000 &
3 =
[ 1800
1E-5 |
1600
1E-6 . e L s
1E-5 1E-4 1E-3 0.01

Time (s)

Fig. 1. Temperature and mole fraction history of selegtediss for stoichiometric Ci#hir
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Fig. 2(a). Normalized BC and shortest paths from @HCG, at Point A in Fig. 1.
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Fig. 2(c). Normalized BC and shortest paths frosrtdNO at Point B in Fig. 1.
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Fig. 6(a). Comparison of major species concentrations ctddulasing the detailed and skeletal
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condition of Fig. 1.
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Fig. 6(b). Comparison of intermediate species concentratioms/lagd using the detailed and
skeletal mechanisms of 25 species by different methods fofignition of stoichiometric Cldair
under the condition of Fig. 1.
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Fig. 8(b). Normalized BC and shortest paths connecting fueCandt Point C t=5.74E-2s and
T=800.0K in Fig. 7.
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under the condition of Fig. 7.
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Fig. 12. Normalized BC and shortest paths connecting 1-butene andnbeat local point
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