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Abstract 

In this work, the concept of shortest path and betweenness centrality (BC) is introduced in 

combustion systems, with its application demonstrated in chemical network analysis and 

skeletal mechanism generation. After establishing the graphical representation of a chemical network 

for given pressure, temperature, and species concentrations, a metric BC is defined to rank the 

shortest paths passed by other nodes between the pair of source and target node, and as such captures 

the dominant indirect kinetic pathways between any pair of nodes in the network for computational 

diagnostics. Consequently, the controlling pathways are retained by collecting the species with larger 

BC values. Such a notion then indicates that the index of importance of species could then be 

assigned based on their BC values to further guide skeletal mechanism generation. Unlike existing 

methods, the betweenness centrality approach takes into account of both the fluxes between species 

and their relative positioning within the chemical network. To demonstrate its potential utility to 

combustion studies, the approach was applied to the GRI-3.0, LLNL and USC-Mech II mechanisms 

to identify the important pathways in the chemical network at each local reaction state, and develop 

skeletal mechanisms from all reaction state samples in auto-ignition and perfectly stirred reactor 

(PSR) simulations. The performance of the BC ranking is compared to the methods of directed 

relation graph (DRG), DRG with error propagations (DRGEP) and sensitivity analysis (SA), and is 

shown to possess sufficient utility in producing skeletal mechanisms with good accuracy and 

flexibility for the cases studied.  
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1. Introduction 

Chemical kinetics of fuels oxidation invariably involve a large number of strongly-coupled 

species and reactions, which not only impose considerable difficulty in identifying the controlling 

entities, but also require high computational cost to attain the understanding, validation, and 

prediction of the underlying complex chemical and flame processes [1]. Consequently there exists 

considerable interest in developing computational tools for the diagnostics of the processes and 

phenomena of interest, and for the reduction of the size and complexity of the detailed reaction 

mechanisms describing them. For computational diagnostics, sensitivity analysis (SA) [2], 

computational singular perturbation (CSP) [3] and its extension to the chemical explosive mode 

analysis (CEMA) [4] have been developed to identify important species and reactions for global and 

local parameters. However, there are many situations for which these methods are either not feasible 

or capable of providing the information needed. For example, in the direct numerical simulation 

(DNS) of a turbulent flame, it is not practical to perturb a certain reaction rate constant and redo the 

simulation to obtain the sensitivity coefficients. CEMA is a useful tool to obtain the explosive mode 

of the local chemical Jacobian matrix and the corresponding contribution from each species and 

reaction; however, it is not able to be applied to mixtures without a chemical explosive mode or 

indicate the important pathway associated with the production of certain species.    

Regarding mechanism reduction, methods based on graph theory, notably the directed relation 

graph (DRG) [5-7], and the subsequent extensions of path flux analysis (PFA) [8] and DRG with 

error propagation (DRGEP) [9], have been developed, resulting in substantial simplifications in 

reducing the model size and the subsequent application in combustion modeling [10-14]. These 

methods use different criteria to rank species based on the sampling of reaction states, locally 

characterized by temperature, pressure, and species concentrations. The species rankings are 

subsequently used to guide the elimination of species from a chemical mechanism. A systematic 

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

In the present work, the concept of betweenness centrality (BC), which measures the relative 

connectivity of a node in a network based on the shortest paths [16], is adopted to study the complex 

chemical networks in combustion systems [17]. Our interest in exploring the potential of this concept 

in chemical systems is motivated by recognizing that over the past decade this concept has been 
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widely and fruitfully employed in the analysis of equally complex networks that exist in, for example, 

social science [18], computer science [19], biology [20], transport [21], scientific cooperation [22], 

and interdisciplinary interactions [23]. In the following we shall first present the formulation of the 

concept of BC within the framework of the chemical network. We shall then demonstrate its utility 

in autoignition as well as perfectly stirred reactor (PSR) systems, and compare its performance with 

those of DRG, DRGEP and SA. It will be shown that the concept of BC, which considers both fluxes 

and the relative positioning of species within a chemical network, provides useful information of 

indirect kinetic influence between any pair of species, and further generates a species ranking that 

both effectively quantifies the relative importance of species and predicts target parameters in 

combustion simulations with considerable accuracy and flexibility.   

2. Graphical Representation and Methodology 

Different from graph representation in the DRG based methods, the forward and backward 

reactions of each elementary reaction are treated separately so as to retain as much kinetic 

information as possible. A graphical representation of a chemical network is chosen such that each 

node represents a chemical species and an edge of weight LAB between nodes A and B is defined as 

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

��� � ���,�	
�,���,���


���
�	
�,���,����	

where 
�,�, 
�,� are the forward and backward reaction rates, respectively, for the ith reaction, and 

��,� is the stoichiometric coefficient for species A in the ith reaction.	 ���	 �	 1	 if and only if the 

forward or backward direction for the ith reaction includes A as a reactant and B as a product, and 

��� = 0 otherwise. Such a definition denotes a lumped consumption rate of species A for the 

formation of species B and the adjacency matrix L is asymmetric.  

Recognizing that a species can participate in many elementary reactions, for an arbitrary 

reversible reaction ���,� 	with index l involving both A and B, which can be in the form of either 

��� �	��� ↔ ��� �	�� or ��� �	��� ↔ ��� �	��, the consumption rate of A for the 

formation of B through either form of ���,� can be expressed as: ��,�	
�,���,��� � 
�,���,����. 
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Therefore, the ratio of the consumption rate of A due to the formation of B through reaction 

���,� 	to the total consumption rate of A is: 

�����,� � 	 ��,�	
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where the subscripts i and j designate the ith species and the jth reaction, respectively. Assuming that 

each elementary reaction between A and B occurs independently, the normalized rate for the paths 

from nodes A to B can be measured as: 
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Although tracking the flux of element in each elementary reaction would be difficult, the above 

definition then shows the physical meaning of the fraction of the consumption of species A by the 

formation of species B. It is noted that there is a major difference in the manner of species B 

interacting with species A from DRG and its extensions. Specifically, species A must appear on the 

reactant side and B must appear on the product side in a reaction and hence it carries the information 

of the direction of flux from A to B. As a result, the normalized rate of such a transfer along any 

pathway between two nodes (from source M1 to target Mn) can be modeled as:  

�	�� …�(� � * ��#	�#+,	
(-�

���
 

This quantity then measures the indirect influence of the source node on the target node in a 

chemical network. It is not unreasonable to expect that the larger the value of	�	along a certain path, 

the more possible is the transfer from the source to the target. Therefore, it would be of interest to 

investigate paths with large P values including the most probable path, connecting any two nodes of 

interest in the reaction network. As will be shown in the following sections, the pathways identified 

generate useful information of reaction paths especially for nodes without direct connections, which 

so far cannot be systematically obtained for computational diagnostic purposes. 
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    We now introduce the BC concept in the adjacency matrix P to describe the effectiveness of a 

node in connecting any other two nodes as: 

./ � � 012	3�
0121424/

� � 01/ • 0/2
0121424/

 

where 012 is the most probable path from nodes s to t when travelling through the adjacency matrix 

P by any possible path, i.e., 012 � max�	9, … , :�	for all possible paths from s to t. The BC is 

defined for each node k as the summation of the ratio of the most probable path from nodes s to t to 

the most probable path from nodes s to t passing through node k, which considers how frequently a 

node serves as a hub between other nodes. 

In order to numerically evaluate BC efficiently, by further defining a new matrix A as ��" � ;<=��" , 
it is readily shown that 

>-?@2A	�B(C2A	D�	��E ≡ >-�GH-�HI � >�(JGHK�(JHI � �����E � ���E 

which means that the shortest path in A corresponds to the most probable path in P. And such a 

shortest path, L, can be readily found by using Dijkstra’s algorithm [24] with a time complexity of 

M	|O| � |P| log|P|� , in which |E| is the number of edges and |V| the number of vertices. 

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

./ � � >-T	�,1,/� • 	>-T	�,/,2�

>-T	�,1,2� 	� � >T	�,1,2�-T	�,1,/�-T	�,/,2�
/41,2/41,2

			 

where L	�, U, V� is the length of the shortest path from node i to j in the adjacency matrix A, and ./ 

is the BC for the kth node. Therefore, the rank of a node by its BC value implies the rank of the 

shortest path passing it, i.e., with a larger BC value, a node lies on a shortest path with higher rank. 

Due to the large size of the adjacency matrix A and its asymmetry, if two nodes happen to have the 

same value of W, they probably lie on the same shortest path. 

    In combustion systems, since the global flux originates from reactants (Fuel, O2) and terminates 

to major products (CO2, H2O, etc.) and important intermediates, it is reasonable and computationally 

convenient to just sum over a few pairs of (s, t), such as (Fuel, CO2), (O2, H2O), etc., when 

evaluating ./. To further reduce the overhead in calculating the shortest path from different starting 
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nodes, dummy source and target nodes are added in the adjacency matrix A. Specifically, a dummy 

source node (S) directly connects to the real nodes of origination (fuel and oxidizer) by equal edge 

weights. Likewise, a dummy target node (T) is directly connected to the real nodes of termination 

(major products CO2 and H2O or important intermediates) by equal edge weights. Therefore, the BC 

value can be simply evaluated from S to T, i.e.,   

./ � >T	�,W,X�-T	�,W,/�-T	�,/,X�			 

and both S and T can be disregarded after the calculation. The vector Y	can then be used to identify 

different levels of shortest path and the importance of species. By collecting species from large to 

small BC values, the shortest paths connecting the source and target 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 combining the forward and reverse rates in 

terms of the consideration of partial equilibrium reactions, and raised the concern of the decay in the 

species relation for a long pathway in the DRGEP methods. To show the applicability of the current 

definitions, we consider an example similar to the one described in [6] and [9], namely a path from a 

fuel F to a product Q that goes through several intermediate species R1 to Rn: 

Z /[\��]̂ ^_	��
/,\�/,`��/bĉ ^̂ ^̂ ^̂ _̂ 	�&

/d\�/d`��/bĉ ^̂ ^̂ ^̂ _̂ …		�(
/e\�/e`��/bĉ ^̂ ^̂ ^̂ _̂ 	f 

The first reaction is much slower, and all the subsequent reactions are fast ones to reach partial 

equilibrium after a short transient period. Then the first reaction becomes rate-controlling and the 

concentrations of Ris and Q are approximately equal. The species correlations can be calculated as:  

�gh, �	i[\
i[\

� 1, �h,hd= 
i,\
i,\

� 1, 

�hdhj= 
id\

i,`Kid\	 � 	0.5	 � 	�h#h#+, � 	�hen 		U � 2,… , = ; 1� 
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Similarly, �hdh, � �h#+,h# � 	0.5		U � 1,… , = ; 1�, �nhe � 1.	 The most probable path for Rn from 

F is then	0	Z, ��, … , �(-�, �(� 	� 	 0.5(-&, which approaches 0 when n is large; however, the BC of 

species Rn between the pair (F, Q) is then calculated as: 

.he �	0ghe • 	0hen
0gn � 	 0.5(-& • 0.5

1 • 1 • 0.5(-� � 1, 

which implies the importance of Rn to F is not underestimated. Actually, all the other species lie on 

the same shortest path, which is the only reaction path connecting F and Q. Therefore, all 

intermediates are equally important for the production of Q and no species can be removed. 

   We next examine a more complicated case with two paths from reactant F to product Q, 

specifically: 

A: Z /[\��]̂ ^_	��
/,\�/,`��/bĉ ^̂ ^̂ ^̂ _̂ 	�&

/d\�/d`��/bĉ ^̂ ^̂ ^̂ _̂ …		�(
/e\��/b	]̂ ^̂ ^̂ _ f 

B: Z /[\p �b]̂ _̂ 	q�
/,\p �/,`p ��/bĉ ^̂ ^̂ ^̂ _̂ 	q&

/d\p �/d`p ��/bĉ ^̂ ^̂ ^̂ _̂ …		q(
/e\p ��/b	]̂ ^̂ ^̂ _ 	f 

for both channels A and B; the first step is much slower than the subsequent reactions, which reach 

partial equilibrium after a short transient period. The difference is that channel B needs a much 

longer relaxation time than A. For this system, it is obvious that channel A dominates over channel B 

for the generation of product Q.  By definition,  

�gh, �	 i[\
i[\Kir\p

� �
�Kb, �gW, �	 ir\p

i[\Kir\p
� b

�Kb , �h,hd= �W,Wd � 1  

Similarly, �h#h#+, � �W#W#+, � �hen � �Wen � 0.5		U � 2,… , = ; 1�. The shortest path from F to Q 

is through channel A and therefore the BC value of species Ri is 1, the same as in the last case. Take 

S3 for example, the BC value is then: 

.Wj �	0gWj • 	0Wjn
0gn

� 	
s

1 � s
1

1 � s
� 	s 

It is clear that channel B is the second shortest path connecting F and Q, and thus the species along it 

are not as important as those along A. This therefore further demonstrates that the BC concept 
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considers of both the flux and the relative positions within the network, and merits its application in 

more complex reaction systems.  

3.2 Autoignition of methane  

We first select GRI-3.0 [25] to demonstrate the shortest path and the BC concept. The 

mechanism consists of 53 species and 325 elementary reactions, with methane oxidation as well as 

the NOx chemistry. The first condition tested is a stoichiometric mixture of methane and air at 

atmospheric pressure and initial temperature of 1600K, as shown in the mole fraction and 

temperature history plot in Fig.1. Two points A and B are marked to demonstrate the concepts, with 

point A chosen just before ignition, at t=4.00E-4s and T=1656.7K, and point B chosen after ignition 

but before the system reaches chemical equilibrium, at t=6.00E-4s and T=2681.3K. Local BC values 

of each species are evaluated for the pairs (CH4, CO2) and (CH4, C2H2) at point A, and therefore 

different levels of shortest paths are identified between the source and target pairs. As shown in Fig. 

2(a), CH3, HCO and CO have the largest BC value, forming the shortest path connecting the pair 

(CH4, CO2); followed by CH3O and CH2O with the second largest BC value, along the second 

shortest path, etc. Hence, the results show the major pathway for CO2 formation is to first form CH3 

through H abstraction, followed by further partial oxidation to form CH3O, CH2O and HCO and 

eventually CO and CO2. For the C2H2 formation shown in Fig. 2(b), CH3, C2H5, and C2H4 have the 

largest BC value, serve as the shortest path: CH4—CH3—C2H5—C2H4—C2H2. With many indirect 

reaction channels, the shortest paths identified coincide with the existing understanding of methane 

oxidation process, such as in [26], and provide useful information of the dominant global reaction 

pathway at the local point. In many applications, a correct identification for the cause of pollutant 

(such as NO) is the prerequisite for its control, due to different working conditions and various 

formation mechanisms. For point B immediately after ignition, compared with the formation of the 

major species such as CO2 and H2O, it takes much longer for the formation of NO as seen in Fig. 1. 

Therefore, the BC value is evaluated for the pair (N2, NO) to identify the major pathway for NO 

formation. It is found that the shortest path is N2—NO and the second shortest path is N2—N—NO, 

which indicates that for the current case, the main NO formation is from the Zel’dovich mechanism 

N2+O=NO+N, O2+N=NO+O and N+OH=NO+H. 
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With the shortest path and BC shown at an instant reaction state, we shall next illustrate its 

application in global sampling for the entire ignition process. Ignition delay τ is first defined as the 

time with the maximum temperature increase rate, and enough sampling points (35) are chosen in the 

sampling range from 0.001τ to 10τ. When evaluating the global BC, the dummy source node S is 

chosen to connect to CH4 and O2 and the dummy target node T is then connected to CO2 and H2O. 

The BC values of each species are then calculated at each sampling point and the maximum among 

all sampling points is taken as the overall BC for each species during ignition. Such overall BC of 

each species is normalized by the maximum value. As a comparison, an improved version of DRG [7] 

and DRGEP [9] are applied, in which the species rankings are given by the maximum DRG and 

DRGEP values among the same sampling points, respectively.  

The results show that radicals such as OH, HO2, O, etc. generally have higher BC, which is 

reasonable since they involve many reactions and interact with many other species in the chemical 

network. On the other hand, species such as HOCN participates in only a few reactions; therefore the 

small BC indicates their weak roles in connecting the network. We next assess the ranking of BC and 

how it can be used in guiding the chemical network analysis in, for example, skeletal mechanism 

generation. Based on the sampling and calculation in Fig. 3, skeletal mechanisms of different sizes 

can be built up by sequentially keeping species with higher rankings of overall BC. The relative error 

of the ignition delay for each skeletal mechanism is then plotted in Fig. 4 for DRG, DRGEP and BC 

rankings. With the same sampling points and error evaluation for all sizes of skeletal mechanism, it 

is expected that the effectiveness of providing satisfactory index of importance by each method can 

be observed.   

It is seen that with the same sampling, all methods can predict the global parameter of the 

ignition delay time quite well, and the obvious trend that a larger mechanism size results in smaller 

error. More importantly, however, the results show that the ranking given by BC is more accurate 

than DRG and DRGEP for almost all sizes of the skeletal mechanisms generated. To explore the 

cause of this improved performance, Fig. 5 shows the sensitivity of ignition delay to each species, 

which is defined as the relative error in the ignition delay by removing only the corresponding 

species from the detailed mechanism. It is then demonstrates that, as a general trend, those species 

with higher and lower sensitivities are respectively ranked relatively high and low by the BC value; 
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while in the DRG ranking, some species with high sensitivities are ranked relatively low. If this is 

the reason for the improved performance of BC, then it would be of interest to evaluate the 

performance of ranking by the sensitivity of each species, although it is computationally expensive. 

The relative error in the ignition delay by the sensitivity analysis (SA) ranking is also shown as 

circles in Fig. 4. Not surprisingly, among all four rankings, the ranking by SA has the lowest error 

for almost all mechanism sizes.  

Further studies with different temperatures, pressures and equivalence ratios show that the 

ranking by BC predicts ignition delay time more accurately, which largely coincides with the species 

sensitivity ranking, as detailed in the Supplementary Materials. From the definition of BC, such a 

correspondence is reasonable in that a species with a higher value of BC generally sits along the 

shortest paths connecting a major pair of species, and once such a species is removed, many 

important paths passing it are consequently removed, leading to a “detour” in major paths and 

therefore flux into secondary channels and affecting the radical pool built-up process during ignition. 

To further show the chemical fidelities of the skeletal mechanisms generated, Fig. 5 compares 

selected species concentrations calculated by the detailed and skeletal mechanisms with 25 species 

by all rankings. As a general trend, all mechanisms perform well to capture the change of the major 

and minor species in the phase plot. However, compared with the discrepancy from the CH4, CH3, 

HO2, OH profiles predicted by the DRG and DRGEP skeletal mechanisms of the same size, such 

difference for the BC mechanism is hardly discernible.    

To give a better sense of skeletal mechanism generation over a wider range of system 

parameters, using the BC method, a skeletal mechanism for CH4/air mixture with 32 species is 

produced based on GRI 3.0, yielding accurate ignition delays over the parametric space (pressure 

ranging from 0.1 to 30 atm, equivalence ratio from 0.5 to 1.5, initial temperature from 1000 to 1600 

K). In addition, we have also validated it for the NO history, PSR extinction and laminar flame speed, 

demonstrating satisfactory performance as shown in Fig. S3-S12 in the Supplementary Materials. 

3.3 Two-Stage Ignition of n-Heptane  

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

negative-temperature coefficient (NTC) regime [27], with the first-stage caused by the low 
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temperature chemistry and producing intermediate species such as aldehydes and ketones, followed 

by the second stage driven by H2O2 chain branching and small radical reactions. From previous work 

on model reduction, this is usually the regime where the largest reduction error in the ignition delay 

occurs. Consequently, we have selected the autoignition of stoichiometric n-heptane/air mixture at 

the initial temperature 650K and atmospheric pressure within the NTC regime to demonstrate the 

application of shortest paths and BC, using the LLNL n-heptane mechanism [27] of 561 species and 

2539 reactions. The mole fractions of selected species during the two-stage autoignition are shown in 

Fig. 7. It is shown that both the reactant depletion and the major species accumulation processes 

exhibit the two-stage behavior. Since aldehydes are generally considered as the major products for 

low-temperature chain branching reactions [28] and CO is a good indicator for the low-temperature 

reactivity [29], it would be of interest to apply the current method to identify the major reaction 

pathway for their formation in light of the existing understanding. Consequently the local BC of each 

species connecting the pairs (O2, C2H5CHO) and (nC7H16, CO) are evaluated respectively at Point C 

just before the first stage ignition with t=5.74E-2s and T=800.0K, as shown in Fig. 7. Figure 8(a) 

show that the formation of C2H5CHO is mainly from the low-temperature chemistry, yet from two 

different major channels identified from the shortest path: the first is through the formation of 

ketohydroperoxides and its decomposition; and the second is from the second and third shortest path, 

representing the decomposition of cyclic ether formed from the QOOH radicals [27]. For the CO 

formation from n-heptane at low temperatures, the major pathway as shown in Fig. 8(b) is similar to 

that identified in the high-temperature methane autoignition case, through the formation of HCO 

radicals. However, because of the long chain structure of n-heptane and the various decomposition 

products, there are additional major pathways for CO formation, such as those from the 

decomposition of propionyl (C2H5CO) radicals. 

For the global sampling of the two-stage ignition, the major intermediates and products vary 

with time due to the transition from low to high temperature chemistry. Therefore in order to 

evaluate the BC more properly, a dynamic evaluation process is introduced. Specifically, at each 

sampling point during ignition, according to the ranking of the local concentrations, the top 5% 

species (excluding original fuel, oxidizer, and major inert) will be chosen as the major intermediates 

and to connect to the dummy target node T, while the dummy source node S is still connected to the 

original fuel and oxidizer. Such treatment could improve the capturing of the controlling chemistry 
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locally without increasing much the computational cost. By the same sampling and error evaluation 

process, the relative errors in the ignition delay as a function of the skeletal mechanism size based on 

the BC/DRG/DRGEP rankings are compared in Fig. 9. It is shown that with dynamic evaluation, BC 

ranking can capture the ignition delay time more accurately, with the lowest error for almost all 

mechanism sizes. Figures 10(a) and (b) compare the selected species concentrations calculated by the 

detailed and the skeletal mechanisms with 140 species for all rankings. It is seen that, compared with 

the DRG and DRGEP methods, better agreement is achieved with the detailed model for both major 

species and selected intermediates predicted by the BC ranking, hence further showing its capability 

of retaining major formation channels to major intermediates and products.  

3.4 PSR Studies  

While auto-ignition describes the low through moderately high-temperature ignition chemistry, PSR 

captures the high-temperature chemistry relevant for intense burning and extinction. To show the 

application of the BC in PSR, a case of stoichiometric 1-butene/air mixture with inlet temperature 

1000K is calculated with USC-Mech II [30], which consists of 111 species and 784 reactions. The 

S-curve response of the reactor temperature to residence time is shown in Fig. 11.  

To show the application for computational diagnostics, a local point with temperature 2262.8K on 

the upper branch of the S-curve is selected, and the shortest paths to be evaluated are set between the 

fuel molecule to benzene, and such pathway could provide useful information for the PAH and soot 

precursor formation. Figure 12 shows that the major pathways for the benzene formation are largely 

through the formation of C3H3 radicals, hence further supporting the well-accepted notion for their 

role as benzene precursors [31].  

For global sampling, to represent all specific reaction states and relations among the species, about 

20 points are sampled along the S-curve including the upper intense burning branch and the 

intermediate branch. When evaluating the BC, the dummy source node connects to the original 

reactants 1-butene and O2, while CO2 and H2O are chosen as the major products to connect to the 

dummy target node. Similar to the autoignition case, the overall importance of the species is then 

ranked by its maximum BC value among all the sampling points. Therefore, skeletal mechanism with 

different sizes can be constructed by keeping species from high to low in the ranking. In Fig. 11, it is 
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seen that the two typical skeletal mechanisms with various sizes from 40 to 80 can all capture the 

entire S-curve well. As a comparison, DRG and DRGEP are applied with the same sampling points, 

and the relative error in residence time is calculated for every sampling point by keeping the 

temperature fixed. For each skeletal mechanism, the worst error is given by the maximum of the 

relative error in the residence time among all the sampling points, as in Fig. 13. It is seen that the 

ranking by BC can generate mechanisms with the same size but improved accuracy for almost all 

sizes, showing its effectiveness in capturing the major species along the dominant chemical 

pathways.  

4. Conclusions 

The concept of betweenness centrality (BC) is introduced in chemical networks for the purposes of 

computational diagnostics and skeletal mechanism generation, recognizing that this concept not only 

considers the flux between nodes, but it also accounts for the relative positions of nodes in the 

network. By applying it at the local points of autoignition and PSR conditions, it is shown that the 

metric BC can satisfactorily detect the local controlling chemistry, such as intermediate species 

formation, low-temperature chemistry, NO and soot precursor formation, etc. Therefore, it is a useful 

tool to identify the indirect chemical effect between any nodes, complementing the existing tools 

such as sensitivity analysis and chemical explosive mode analysis. For global sampling, it is found 

that the BC concept could properly rank the importance of the species, as shown in both high/low 

temperature autoignition and PSR combustion systems. It is demonstrated that the skeletal 

mechanisms can be generated quite flexibly by BC ranking and can capture the target parameters as 

well as the detailed kinetics of important intermediates even more accurately as compared to the 

DRG and DRGEP with the same sampling and error evaluation. It is nevertheless also emphasized 

that the present study is exploratory in nature, focusing on the applicability of the BC concept in 

combustion systems. The results are encouraging, meriting further investigations to possibly enhance 

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

Fig. 1. Temperature and mole fraction history of selected species for stoichiometric CH4/air 

autoignition at initial temperature 1600K, pressure 1 atm. 

Fig. 2(a). Normalized BC and shortest paths from CH4 to CO2 at Point A in Fig. 1. 

Fig. 2(b). Normalized BC and shortest paths from CH4 to C2H2 at Point A in Fig. 1. 

Fig. 2(c). Normalized BC and shortest paths from N2 to NO at Point B in Fig. 1. 

Fig. 3. Rankings of species by maximum DRG value, maximum DRGEP value, and normalized 

maximum BC value over all sampling points for the autoignition case in Fig. 1.  

Fig. 4. Relative error in ignition delay time for skeletal mechanism of all sizes by BC, DRG, DRGEP 

and sensitivity analysis (SA) methods for the same condition as in Fig.1. 

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

Fig. 6(a). Comparison of major species concentrations calculated using the detailed and skeletal 
mechanisms of 25 species by different methods for auto-ignition of stoichiometric CH4-air under the 
condition of Fig. 1. 

Fig. 6(b). Comparison of selected intermediate species concentrations calculated using the detailed 

and skeletal mechanisms of 25 species by different methods for auto-ignition of stoichiometric 

CH4-air under the condition of Fig. 1. 

Fig. 7.  Species history in a two-stage ignition process of stoichiometric n-heptane/air with initial 

temperature 650 K under 1 atm. 

Fig. 8(a). Normalized BC and shortest paths connecting O2 and C2H5CHO at t=5.74E-2s and 

T=800.0K in Fig. 7. 

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

Fig. 7. 

Fig. 9. Relative error in ignition delay time for skeletal mechanism of all sizes by BC, DRG, DRGEP 

(starting from H and nC7H16) methods for the same condition as in Fig.7. 
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Fig. 10(a). Comparison of major species concentrations calculated using the detailed and skeletal 
mechanisms of 140 species by different methods for auto-ignition of stoichiometric n-heptane/air 
under the condition of Fig. 7. 

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

Fig. 11. PSR calculation by USC II and skeletal mechanism of different sizes by BC method for 
stoichiometric 1-butene/air mixture with initial temperature 1000K and pressure 1atm. 

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

Fig. 13. Worst error in residence time predicted by skeletal mechanisms of all sizes by BC, DRG, 

DRGEP methods, for all sampling points along the S-curve of Fig. 11.  
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Fig. 1. Temperature and mole fraction history of selected species for stoichiometric CH4/air 

autoignition at initial temperature 1600K, pressure 1 atm. 
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Fig. 2(a). Normalized BC and shortest paths from CH4 to CO2 at Point A in Fig. 1. 
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Fig. 2(b). Normalized BC and shortest paths from CH4 to C2H2 at Point A in Fig. 1. 
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Fig. 2(c). Normalized BC and shortest paths from N2 to NO at Point B in Fig. 1. 
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Fig. 3. Rankings of species by maximum DRG value, maximum DRGEP value, and normalized 

maximum BC value over all sampling points for the autoignition case in Fig. 1.  
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Fig. 4. Relative error in ignition delay time for skeletal mechanism of all sizes by BC, DRG, DRGEP 

and sensitivity analysis (SA) methods for the same condition as in Fig.1. 
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Fig 5. Sensitivity of each species for rankings by DRG and BC method as in Fig.1, showing better 
correspondence between BC and sensitivity. 
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Fig. 6(a). Comparison of major species concentrations calculated using the detailed and skeletal 
mechanisms of 25 species by different methods for auto-ignition of stoichiometric CH4-air under the 
condition of Fig. 1. 
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Fig. 6(b). Comparison of intermediate species concentrations calculated using the detailed and 

skeletal mechanisms of 25 species by different methods for auto-ignition of stoichiometric CH4-air 

under the condition of Fig. 1. 
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Fig. 7.  Species history in a two-stage ignition process of stoichiometric n-heptane/air with initial 

temperature 650 K under 1 atm. 
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Fig. 8(a). Normalized BC and shortest paths connecting O2 and C2H5CHO at Point C t=5.74E-2s and 

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

T=800.0K in Fig. 7. 

 

 



 

Fig. 9. Relative error in ignition delay time for skeletal mechanism of all sizes by BC, DRG, DRGEP 

(starting from H and nC7H16) methods for the same condition as in 
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Relative error in ignition delay time for skeletal mechanism of all sizes by BC, DRG, DRGEP 

) methods for the same condition as in Fig.7. 

 

Relative error in ignition delay time for skeletal mechanism of all sizes by BC, DRG, DRGEP 
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Fig. 10(a). Comparison of major species concentrations calculated using the detailed and skeletal 
mechanisms of 140 species by different methods for auto-ignition of stoichiometric n-heptane/air 
under the condition of Fig. 7. 
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Fig. 10(b). Comparison of intermediate species concentrations calculated using the detailed and 
skeletal mechanisms of 140 species by different methods for auto-ignition of stoichiometric 
n-heptane/air under the condition of Fig. 7. 



 

Fig. 11. PSR calculation by USC II and
stoichiometric 1-butene/air mixture with initial temperature 1000K and pressure 1atm.
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by USC II and skeletal mechanism of different sizes by BC method
butene/air mixture with initial temperature 1000K and pressure 1atm. 

 

skeletal mechanism of different sizes by BC method for 



33 

 

 

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

 

 

 



 

Fig. 13. Worst error in residence time predicted by skeletal mechanisms of all sizes by BC, DRG, 

DRGEP methods, for all sampling points along the S
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Fig. 13. Worst error in residence time predicted by skeletal mechanisms of all sizes by BC, DRG, 

DRGEP methods, for all sampling points along the S-curve of Fig. 11.  

 
 
 
 
 
 
 
 
 
 

 

 

Fig. 13. Worst error in residence time predicted by skeletal mechanisms of all sizes by BC, DRG, 




