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Abstract

Combustion research still needs more advanced fundamental understanding of combustion chemistry
and dynamics from molecule scale to particle. The latter is also needed for soot and nanoparticles
formation and combustion system control such as Homogeneous Charge Compression Ignition (HCCI)
engine, and flame regimes and instability. The complex interactions between hundreds of species linked
within thousands of reactions continue to be a challenge to analyze and model. The focus of this paper
is to develop a method to facilitate the modeling and analyzing of the detailed kinetics chemistry of
fuels combustion. Through the use of Combustion Reaction Networks (CRN) analysis of degree

centrality, principal species are identified during a combustion process by exploiting the introduced



definition of principal species. A principal, central or the more active species of a combustion process,
at a specific time step or cell of area/volume mesh, is the more tied up to other species in the CRN and
so have the largest value of degree centrality. The accuracy of the dynamic identification of principal
species, locally adapted to the thermochemical conditions at each time step/cell of the simulated
combustion process, used by the employed Directed Relation Graphs (DRG) method of mechanisms
reduction, is proved. The simulations were carried out using an adjusted Dynamic Adaptive Chemistry
(DAC) approach of detailed chemistry implementing. It is demonstrated that an ‘active’ species in a
combustion system would not necessary be considered as a part of important species set needed for its

predictive simulations.

Key words: Combustion Simulation, Network Analysis, Dynamic Adaptive Chemistry, Directed

Relation Graph, Mechanism Reduction.

1. Introduction

Chemical reaction networks are widespread in many fields, for example cellular biochemistry [1, 2],
genetics [3], nomenclature of constitutional or steric isomers, valence isomers [4], catalytic reaction
mechanisms [5] and molecular dynamics simulation data of bulk water studies [6]. Generally, methods
for analysis of network systems are widely-sought and there is high need for their development [7, §].
Network structures could be analyzed via graph-theoretic methods [9] or methods which focus on

systematic network decomposition or metabolic pathway analysis [10].

The ideas of Graph-theoretic methods were initiated by Leonhard Euler in 1730, studying the problem
of the Seven Bridges of Koningsberg [11]. Graph theory is the study of graphs, which are mathematical
representations used to model the relationships among objects. A graph is made up of vertices, nodes,
or points which are connected by edges, arcs, or lines. At present, graph theory is used as a modeling
and analyzing tool for many practical problems of biochemistry [12], electrical engineering [13],
computer science [14] and human life [15]. A general overview on graph theory could be found in

Harary’s Graph Theory [16] and Berge’s Graphs and Hypergraphs [17].



A predictive simulation of engines and flames performance and emissions requires the implementation
of validated detailed kinetic chemistry for a wide operating conditions into a Computational Fluid
Dynamics (CFD) code. This requirement leads to a significant increase of computation time to solve the
nonlinear stiff ordinary differential equations (ODEs) for each CFD computational cell. The common
approach to solve these challenges for specific operating conditions is to build an enough small reduced
mechanism which will be used in larger scale simulations after trying to accumulate in the maximum

information from the detailed one by different optimization methods [18-20].

The numerical simulation of reactive flow using CFD codes requires the solution of a set of stiff ODEs
of conservation of mass, momentum, energy and chemical species. The simulation of auto-ignition delay
time of the adiabatic, constant volume and closed reactive system can be governed by the following two

equations of energy and chemical species conservation:

dyy
P = @Wi i k=12,.K

where 7, c,, p, Vi, Wi, uy, @y, and K denote temperature, constant-volume specific heat capacity and
density of gas mixture, species mass fraction and molecular weight, internal energy and production rate

of the £ species, and species number, respectively.

The predictive combustion simulations incorporate essentially detailed chemical mechanisms into CFD

calculations. The using of detailed chemistry produces a large number of stiff ODEs to solve within the

CFD framework, and thus results in exceedingly long CPU times. The reduction of mechanisms at

specified operating conditions of temperature, pressure and species concentrations allows the
elimination of species and corresponding reactions that have a negligible effect on the rate of heat release
and on the rates of target species production. As a result, the set of ODEs becomes smaller and then

faster to solve. However, the use of a reduced mechanism in calculation codes might generate lower



accuracy of the predicted results compared to that obtained using the full mechanism. Therefore, the
Dynamic Adaptive Chemistry (DAC) approach, proposed by Liang et al. [21], could be the most useful
adopted strategy for the purposes of CFD calculation, accuracy and low CPU time. Several studies have
explored the application of this technique [21-27] which is applied locally, at each time steps/cells, using
accurate (validated) reduced for the local thermochemical conditions. There are two ways to apply this
strategy, the first employs the on-the-fly generation and then the immediate implementation of reduced
mechanisms at each time step or cell [21-24] of combustion simulation and the second way is to generate
a tabulated archive library of reduced mechanisms and classifying them depending on the different

ranges of operating conditions [25, 26] to be implemented farther by the DAC approach.

Numerical solutions encountered in flames and engines for a wide range of thermochemical conditions
needs the employment of algorithms, such as in situ Adaptive Tabulation (ISAT) [25, 26] or operator
splitting schemes [27], to manage the integrated solving of ODEs system governing the reactive flows
and the stiff nonlinear ODEs system governing the chemical reactions to achieve calculation

convergence with lower CPU time cost.

The generation of reduced mechanisms on-the fly especially at each time step/cell requires fast and
efficient reduction methods, in term of large degree of selective reduction in species and reactions, to
achieve the purposes of getting less simulation time and more adapted generated reduced mechanisms
compared to those using the detailed one. For these objectives, the DRG reduction method was adopted
based on the removal of less-important species and their related reactions using the search algorithm of
Lu and Law [28] which will be presented in more details in paragraph 2.1. DRG approach for
mechanisms reduction requires the definition of principal/target species set which can simply consist of
the fuel, oxidizer and important radicals [28]. If accuracy is required for additional phenomena such as
NOx predictions, soot precursors/nanoparticles nucleus, a corresponding species (i.e. NO, acetylene,
Si0, or/and ....) should also be included in the target set. The use of such set of principal species will
scale up the reduction time of detailed mechanism. Therefore, the proposed coupling of the DRG

reduction method with a characteristic network analysis parameter, discussed in paragraph 2.2, allows



the dynamic selection, at each time step/cell, of one principal species validated for the specific

thermochemical condition of simulation.

In fact, more efficient DRG methods with relatively higher reduction time have been developed such as
the error propagation method (DRGEP) [21, 29-31]which permits to show the influence of the
accumulated and propagated errors by the elimination of the less-important species set on the target one
(i.e. NOx, soot precursors or nanoparticles nucleus), and the DRG method with sensitivity analysis
(DRGASA) generating higher accurate reduced mechanisms but also with more computational time

needed for the sensitivity analysis [32].

The performance of the DAC application, CPU time cost and simulation errors compared to the use of
ordinary detailed chemistry, is influenced by the employed reduction technique and the thresholds of
the reduction level. The impact of reduction methods and their thresholds on simulation errors of DAC

application have been studied by:

= Gouetal. [33] using a reduction method of Path Flux Analysis (PFA) for auto-ignition simulations.

= QOluwole et al. [34] using Decoupled Species and Reaction Reduction (DSRR) and DRG approaches
for auto-ignition and laminar flame simulations.

= Xieetal. [35] obtained lower relative errors by using Time-Scale and Jacobian-aided Rate Analysis
(TSRA) reduction method rather than that of using DRG technique by an on-the-fly application of
DAC for the simulation of auto-ignition and laminar flame process.

= Ren et al. [26] have studied the effect of DRG reduction threshold on the errors of temperature and
species concentrations prediction of turbulent methane/air flames simulations using the DAC
implementing approach.

=  Zhao et al. [36] employed the Betweenness Centrality (BC) of chemical network analysis to
generate skeletal mechanism for a given pressure, temperature and species concentrations. BC
measured the relative connectivity of a source of species, Fuel, O,, ..., to a target species, CO,,

NO, ..., in a network, and thus is based on the shortest paths passed by other species between the



larger BC values are the shortest paths connecting the source and target nodes, are incorporated in
the skeletal mechanism from high to low levels. The built skeletal mechanisms using BC chemical
network analysis predicts generally auto-ignition phenomena better than that of using the DRG

approach.

The aim of this work is to present a qualitative analysis of chemical reaction networks, of degree of
centrality in order to identify the principal species, at each time step/cell, of a combustion process
simulation. The latter is useful to improve the accuracy and the fast calculations of the more appropriate
and enough small reduced mechanisms generated by the employed DRG method of reduction. The on-

the fly implementing of these reduced mechanisms has been effectuated using an adapted DAC.

The numerical simulations have been achieved using CANTERA software package [37] and the GRI-3
detailed mechanism of G.P. Smith et al. [38] for the studies of C;-C; alkanes. The combustion

simulations of n-heptane have been done using the n-heptane mechanism from LLNL[39].

2. Approaches and applications

2.1. Directed Relation Graphs

The DRG basic method of removal of unimportant species and reactions from a detailed mechanism of
ethylene oxidation has been adopted by Lu and Law [28]. The following short presentation linked to
graph theory could be a preferred step to introduce the employed reduction technique and the adopted
building strategy of Combustion Reaction Networks (CRN). The importance of a species in a
mechanism can be determined from the influence of its removal impact on the prediction of a principal
species or of a set of principal species. In the graph theory, each point (vertex) of a CRN representation
represents a species, and in the DRG method, the existing of an edge from A to B (A—B) means that if
and only if the elimination of species B may directly induce significant error in the production rate R,

of species A. The paper of Lu and Law [28] offers the detailed mathematical equations that describe the



DRG method. The definition of the coefficient 745 quantifies the normalized contribution of species B
for the production rate of a principal species A in a chemical mechanism consisting of n reactions:

n
Zi - 1|UA,iWi5Bi|
Tap=—"_, .
Zi - 1|17A,iWi|
where w; represents the net rate of i ™" reaction, v, is the stoichiometric coefficient of species 4 in this
i " reaction and &p; takes the value 1 if the i " elementary reaction involves species B and takes the value

0 if it’s not.

As a result of this work, the selection of the principal species A will influence the performance of the
DRG reduction method to build predictive reduced mechanisms by the selective elimination from the
detailed one the less important species, k, and their related reactions, in which 74 < &, where € is a
specified fixed threshold (< 1). No specific rule to define the DRG reduction threshold, where the effects

of this threshold on the predicted results errors can be a studies subject as done by Ren et al. [26].

The DRG reduction approach adopted in this study requires the selection of a principal species for the
generation of reduced mechanisms. As the use of a principal species set requires more computational
time, depending on the number of principal species, to reduce the original mechanism, and the quality
of the generated reduced mechanisms depends on the selected principal species. Therefore, a dynamic
selection of locally adapted principal species, follows the local thermochemical conditions at each time

step/cell of the simulation, will be proposed by exploring the CRN analysis of degree centrality.
2.2.Chemical Reaction Network

A Chemical Reaction Network (CRN) can be represented by a dynamic system of reactional scheme
that changes within time. In a chemical reaction scheme, with K reacting species and n reactions,

reactions could be represented by the form:

K K
! I
z:vini_) E:U iXi, j=12,.n



where X; are the chemical species names participating in the full reaction scheme. The coefficients v';;
and v'j;j represent the number of species molecules X;, stoichiometric number, participating in the j-th

reaction for reactant and product stages, respectively.

The dynamic changes with time step/cell, and the complexity of the resulted CRN graph couldn’t be
explored fully without oriented analyzing tools. For this purpose, Aric et al. [40] offered a wide
documented Python language software package for the creation, manipulation and studying of such
dynamic and complex network structures that has been partially used for the building and the analyses
of the studied CRNs in this work. Using the definition of the rate coefficient r4p, presented in paragraph
2.1., a CRN can be then built automatically by applying the r;; as a connection weight from species i to
species j, where i and j cover all the mechanism species, one by one, and using the condition r;; < € to
ignore the lower weighted edges from the built CRN. Figure 1 shows part of a complex CRN graph
generated automatically for a methane ignition process, under the conditions of temperature 7= 1500 K,
Pressure p= 1 bar, and equivalence ratio ¢= 1. This CRN graph, figure 1, represents a map of the most
effective production contribution of all the mechanism species for every species in the mechanism and

at a specific thermochemical condition, /= 1 ms.

It’s important to notice that the global network analysis, used in this work, uses a macro perspective to
study the physio-chemical properties of a CRN structure. This study focuses on the global network

analysis tools that support the employed DRG reduction and DAC implementing approaches.

The degree (k) of a node, a specific species, describes the number of edges linked to this node/species
and so it indicates the contribution weights of other species to produce/consume this species, hence, the

average degree of a network will present the average of degrees over all nodes in the network [11, 16].

The degree centrality, in graph-theoretical terminology, defines the number of edges adjacent to a
specific node [41]. The simplest explanation of actor/species centrality is that the central actors must be

the most active because they have the most ties to other actors in the network or graph [42]. As in the



introduced building approach of CRN, an edge linked to any two species in the network characterized
the production or the consumption contribution of one of these two species to the other; then the degree
centrality analysis permitted the estimation of the activity, number of ties, of an actor ‘species’ in the
studied CRN. Therefore, the centrality degree of a species, species activity, can be defined as the number
of links that contribute to the production/consumption of a selected species by other species in the built
CRN at specific thermochemical conditions of time step/cell of a combustion process simulation. The
latter initiates the following species activity analysis during the auto-ignition of methane/air fueled a

Rapid Compression Machine (RCM) at conditions of 7= 1500 K, p=1 bar and ¢= 0.25 and 2.

Figures 2 and 3 present the timing history of temperature and normalized degree centrality (NDC) for
stable species and representative radicals of low-intermediate and high temperature chemistries,
respectively, of methane/air fueled RCM at combustion conditions of 7= 1500 K, p= 1 bar,
¢=0.25 and 2. Figure 2a shows that the degree of centrality (activity) of oxygen is more important than
that of methane and so is that of hydrogen compared to formaldehyde, figure 2b, for the two studied
equivalence ratios and the whole duration. It could be observed from figure 3a that at low and
intermediate temperatures, the selected radicals CH; and HO, have distinguished values of degree
centrality for also the two studied equivalence ratios and the whole duration. The activity of hydroperoxy
radical is higher than that of methyl radical at all the time steps and for the two different equivalence
ratios (lean and rich conditions). It can be also observed that there is a decrease in the activity of methyl
and hydroperoxy radicals after the ignition stage where the high temperature chemistry of H, O and OH
radicals takes place. The activity values of the selected reactants, H and OH in figure 3b, take generally
higher values for H than OH. These two radicals show more activity at lean condition ¢=0.25, especially
during the pre-ignition stage, compared to that at rich condition ¢= 2. An oscillated behavior of the
degree of centrality was observed for the studied species during the pre-ignition stage, and this indicates
their unstable activity level before the auto-ignition phase, and thus is related to the persistent variation

of system thermochemical conditions of low, intermediate to high temperature chemistries. It could be



noticed also that the activity of the high temperature chemistry radicals is more important than that of

the low-intermediate temperature chemistry radicals for the studied conditions.

Figures 2 and 3 showed the dynamic change in values of the degree centrality of some main species and
so the variation of their activity order as a function of time for the studied RCM combustion conditions.
This quantity, degree centrality order of a CRN, is used then to introduce a definition of principal
species. A principal species of a combustion process chemistry at a specific time step/cell is the more

active one; has the higher value of degree of centrality.

2.3. Dynamic Adaptive Chemistry

The principal of the Dynamic Adaptive Chemistry (DAC) method is illustrated in figure 4 which is
captured for methane/air oxidation in a RCM at 7= 1500 K, p=1 bar and ¢=1, figure 4a, Homogeneous
Charge Compression Ignition (HCCI) engine where 7= 1500 K, p= 1 bar, engine speed= 600 rpm,
compression ratio=17 and ¢= 1, figure 4b, and laminar premixed flame where 7= 300 K, p= 1 bar and
¢= 1, figure 4c. The evolution of the relative number of important species (RNIS) requested to be
conserved in reduced mechanisms compared to that of detailed one as a function of time, crank angle or
height above the burner (HAB) is presented. This RNIS depends on the selection threshold € presented
in paragraph 2.1 and on the thermochemical conditions of time step/cell of the simulated combustion
process. When RNIS takes the value of 1, this means that the DAC method must implement the full
detailed mechanism. It can be also observed that at the ignition stage, figures 4a-b, and flame zone,
figure 4c, where the low-intermediate and high temperature chemistries are all important for the

combustion process, the number of species to be conserved in reduced mechanisms is the highest one.

Figures 5a-b show two examples of the influence of initial mixture temperature, 7= 700, 1000 and
1300 K for ¢= 1, and equivalence ratio, ¢= 0.25, 1 and 2 for 7= 1000 K, on the temperature history of
the RNIS for n-heptane/air mixture fueled RCM combustion conditions at p= 1 bar, respectively. It can
be observed that the RNIS incorporated in the local reduced mechanisms increases with the increase of

the inlet mixture temperature from 700 to 1000 or to 1300 K at p= 1 bar especially for the prediction of

10



pre-ignition and ignition stages. This result corroborates the merging requirement between the high and
the low-intermediate temperature chemistries for the accurate simulation of these two stages. Figure 5b
shows also similar behavior in the pre-ignition and ignition stages of n-heptane auto-ignition, which
indicates nearby incorporating of chemistries during these two stages for the three studied equivalence
ratios at 7= 1000 K and p= 1. Above 1000 K, where the high temperature chemistry becomes important,
the RNIS increases with the equivalence ratio including more important species for the accurate
prediction of richer conditions. It can be also concluded from figures 4 and 5 that the most principal
variations of the RNIS used in reduced mechanisms take place during the pre-ignition and ignition stages
for the engine cases or in preheat and reactive zones for the case of 1-D laminar premixed flame, where
occurs the main progress of low-intermediate and high temperature chemistries of the studied

combustion processes.

The DAC approach of the on-the-fly mechanism implementing in CFD codes [21-24] is the most
accurate by the use of reduced mechanisms which are validated for the local thermochemical conditions.
On the other hand, it’s expensive in CPU time because of the full mechanism reduction at each time
step or cell. Therefore, the DAC implementing strategy presented in figures 6 and 7 is proposed in this
work to get the most suitable performance in terms of accuracy and fast calculation. The lack of an
implicit thermochemical condition to order an automatic implementing need of a new reduced
mechanism by the DAC is covered for the studied auto-ignition phenomena by a time condition
presented in figure 6. Figure 6 describes the application diagram of the proposed DAC implementing
approach. The timing key condition orders the generation/implementing execution of a new reduced
mechanism regarding the new local thermochemical conditions at the beginning of each predetermined
time ranges, N, of the studied ignition delay time. The pre-estimation of ignition delay time attends
using empirical equations [43]. Figure 7 presents an example of the variation of the RNIS as a function
of time using the proposed DAC implementing approach where &=1.10-7 and N= 7, for methane fueled
a RCM at conditions of 7= 1500 K, p= 1 bar and ¢=1. The simulations start always with the full

mechanism that will be reduced at the beginning for the initial operating conditions, and then reduced

11



again for the new local thermochemical conditions of the time step located at the beginning of each
predetermined time ranges, N,. The effects of the prefixed time ranges on the predicted results errors

will be a discussion subject in paragraph 3.

Generally, the proposed DAC implementing approach consists of generating previously/on-the-fly of
locally adapted reduced mechanisms and then its implementing for each prefixed range of time steps or
area/volume of mesh cells. This preselected range of time steps or area/volume of mesh cells becomes

a performance criterion of the approach.

3. Discussion

The definition of principal species is validated by coupling the proposed DAC implementing approach
and the DRG reduction technique, and comparing the predicted results using two selection methods of
principal species for the DRG technique application. A static method, applying fixed predefined
selection of principal species for all the simulation time, such as Fuel, O,, ... or other intermediate
species like H, HO,, ..., and a dynamic method of principal species selection, applying a variable
principal species in function of calculation time by exploiting the definition of principle species
introduced in paragraph 2.2. Practically, the principal specie is that has the highest degree centrality of

the CRN species at the specific time step/cell of calculation.

Figures 8a-b present the variations of relative error Rer percentage, obtained between the predicted
results using the ordinary simulation with full mechanism and that of the DRG-DAC application
conditions of &= 1.107 and N= 11, as a function of dynamic (Dyn) and fixed predetermined principal
species selection such as CH,, CH; or H, for the simulations of methane fueled a RCM at combustion
conditions of 7= 1500 K, p= 1 bar and ¢= 0.25 and 2, respectively. The relative error is calculated for
the predicted timing history, », values, of temperature and some main species concentration, X; , using

the following equation:

12



ng

Rer=z

i=1

Xi(full mechanism) — X;(with DAC + DRG)

Xi(full mechanism)

/N

It can be observed from figure 8 that the adopting of dynamic selection strategy of principal species
using the CRN analysis of degree centrality gives generally more accurate results comparing to that
using a static principal species selection for the DRG reduction technique. The employment of static
principal species can generate high relative errors as the studied cases of ¢= 0.25, figure 8a, using the
fuel or methyl radical as principal species. The observation discussed in paragraph 2.2 that hydrogen
atom has generally the highest values of degree centrality during the overall simulation time of studied
ignition cases, agrees completely with the comparatively low relative error percentage presented in
figure 8, using this radical as static principal species and comparing to that of using the dynamic
selection method of principal species, where the hydrogen radical is dominated as principal species at
the most of the time steps of simulation.

Figure 9 shows an influence of equivalence ratio on the average, sum of RNIS at each time step divided
by the number of time steps, of the employed RNIS in the generated reduced mechanisms. The variations
are presented in function of dynamic (Dyn) and static (i.e. H, CH; or CH,) selection of principal species
used by of the DRG-DAC application conditions of &= 1.107 and N=11. The simulations are
effectuated for the two equivalence ratio of 0.25 and 2 of methane fueled a RCM at conditions of
T= 1500 K, p=1 bar. These results indicate that it is evident to generate relatively high relative errors
by such selection of static principal species (i.e. CH; and CH,) but with low RNIS average, so lower
cost of CPU time. Noting also that the needed RNIS averages for the rich condition simulation of ¢=2
are higher than that for the studied lean condition of ¢= 0.25 as seen and discussed before for figure 5b.
The influence of number of time ranges on the performance of the DRG-DAC application conditions of
£=1.10"7 and dynamic selection of principal species is presented in figure 10. It shows the variation of
relative error percentage as a function of time ranges number of the predicted values time history of
temperature and some selected species concentration of CH,, C,H,, CO and H,, for methane fueled a

RCM at conditions of 7= 1500 K, p= 1 bar and ¢= 0.25 and 2, figures 10a and b, respectively. For the

13



two studied equivalence ratios, rising the number of time ranges produces more accurate predicted
results, comparing to that of full mechanism, which responses to the DAC implementing of more
appropriated reduced mechanisms to the local thermochemical conditions. The influence of time ranges
number of the rich condition simulations of ¢= 2 is obviously higher than that for the studied lean
condition of ¢=0.25, indicating the need of more adapted reduced mechanisms to thermochemical
conditions for the accurate prediction of rich conditions combustion. The adopting of time ranges
number N= 11 for the simulations of the two equivalence ratios presented in figures 8 and 9 is then well
justified. The user has to balance between the most suitable performance in terms of accuracy and fast
calculation for a specific combustion modeling by his choice of the reduction threshold and the ranges
of time steps or area/volume of mesh cells for the DAC implementing.

The indexing order of species activity, decreased values order of degree centrality of CRN species at
specific simulation time, is tested as a reduction method to generate skeletal mechanisms incorporating
a prefixed number of the more active/higher degree centrality of species in the studied CRN and their
associated reactions. The application of this reduction approach showed the need of relatively higher
number of species to be preserved in the generated reduced mechanisms for producing similar predictive
results comparing to that using the DRG technique of reduction. Therefore, it could be concluded that a
principal species is not necessary an important species to be preserved in reduced mechanisms, and the
invers that an important species for the accurate prediction of a combustion process simulation is not
necessary to be a principle species at fixed thermochemical conditions of time/cell. As Cantera utilizes
object-oriented concepts and the users can explore the different phase models with limited changes to
their overall code [37], an estimation of simulations real CPU times to be usefully compared was

unfortunately not available.

4. Conclusion

Real complex networks such as combustion reaction networks, require analyzing methods which can
examine systems that have parameter-uncertainty, high dimensional state space and non-linear terms.

Degree of centrality analyzing method, which connects a combustion reaction network structures to its

14



dynamic systems, was demonstrated not only for its simplicity but also for its advantageous. Such types
of specific analysis might drive better understanding of particular combustion processes behaviors and

more improvement to their modeling performance.

The focus of this work was to:

e Develop and extend some gainful of networks analysis methods in order to understand and
analyze better the behavior of kinetic mechanisms which drive this complex physio-chemical
phenomenon of combustion.

e Enhance the simulations performance of combustion processes by using the DAC
implementation and the DRG reduction approaches coupled with a specific CRN analysis

parameter of degree of centrality.

A definition of principal/active species during combustion processes simulations was introduced and
validated successfully. A principal species has the highest value of degree of centrality at a specific time
step/cell of simulations. The dynamic identification and implementing of locally adapted principal
species to thermochemical conditions permitted the performance improving of combustion simulations,

fast and accurate.

The unsuccessful testing of the ranking order of principal species identified by the degree of centrality
analysis as a reduction technique of detailed chemistry can lead to the conclusion that ‘active’ species
do not necessary belong to the important species set which are required for predictive combustion

processes simulations.

5. Acknowledgements

The Philipp Schwartz Initiative of the Alexander for Humboldt Foundation support.

6. References

1. Aguda, B.D. and Y. Tang, The kinetic origins of the restriction point in the mammalian cell cycle. Cell

15



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Barkai, N. and S. Leibler, Robustness in simple biochemical networks. Nature, 1997. 387(6636): p. 913-
917.

Schuster, P., Landscapes and molecular evolution. Physica D, 1997. 107(2): p. 351-365.

Balaban, A.T., Applications of graph theory in chemistry. Journal of Chemical Information and Computer
Sciences, 1985. 25(3): p. 334-343.

Temkin, O.N. and D.G. Bonchev, Application of graph theory to chemical kinetics: Part 1. Kinetics of
complex reactions. J. Chem. Educ., 1992. 69(7): p. 544.

Ozkanlar, A. and A.E. Clark, ChemNetworks: A complex network analysis tool for chemical systems. J.
Comput. Chem., 2014. 35(6): p. 495-505.

Bailey, J.E., Complex biology with no parameters. Nat. Biotechnol., 2001. 19(6): p. 503-504.

Conradi, C., et al. Using chemical reaction network theory to discard a kinetic mechanism hypothesis.
IEE P. - Syst Biol., 2005. 152, 243-248.

Silva, E.d. and M.P.H. Stumpf, Complex networks and simple models in biology. J. Royal Soc. Interface,
2005. 2(5): p. 419-430.

Palsson, B.O., N.D. Price, and J.A. Papin, Development of network-based pathway definitions: the need
to analyze real metabolic networks. Trends Biotechnol, 2003. 21(5): p. 195-8.

Harju, T., Lecture Notes on GRAPH THEORY. 2014: CreateSpace Independent Publishing Platform.
Mincheva, M. and M.R. Roussel, Graph-theoretic methods for the analysis of chemical and biochemical
networks. 1. Multistability and oscillations in ordinary differential equation models. J. Math. Biol., 2007.
55(1): p. 61-86.

Holmgren, A.J., Using Graph Models to Analyze the Vulnerability of Electric Power Networks. Risk
Anal., 2006. 26(4): p. 955-969.

Riaz, F. and K.M. Ali. Applications of Graph Theory in Computer Science. in 2011 Third International
Conference on Computational Intelligence, Communication Systems and Networks. 2011.

Hu, T., et al., Characterizing genetic interactions in human disease association studies using statistical
epistasis networks. BMC Bioinform., 2011. 12(1): p. 364.

Harary, F., Graph theory. 1969.

Berge, C., Graphs and Hypergraphs. 1985: Elsevier Science Ltd.

Petzold, L. and W. Zhu, Model reduction for chemical kinetics: An optimization approach. AICHE J.,
1999. 45(4): p. 869-886.

Mitsos, A., et al., Optimal automatic reaction and species elimination in kinetic mechanisms. Combust.
Flame, 2008. 155(1): p. 118-132.

Androulakis, I.P., Kinetic mechanism reduction based on an integer programming approach. AICHE J.,
2000. 46(2): p. 361-371.

Liang, L., J.G. Stevens, and J.T. Farrell, A dynamic adaptive chemistry scheme for reactive flow
computations. Proc. Combust. Inst., 2009. 32(1): p. 527-534.

Liang, L., et al., The use of dynamic adaptive chemistry in combustion simulation of gasoline surrogate
fuels. Combust. Flame, 2009. 156(7): p. 1493-1502.

He, K., I.P. Androulakis, and M.G. Ierapetritou, On-the-fly reduction of kinetic mechanisms using element
flux analysis. Chem. Eng. Sci., 2010. 65(3): p. 1173-1184.

Zhang, S., I.P. Androulakis, and M.G. lerapetritou, A hybrid kinetic mechanism reduction scheme based
on the on-the-fly reduction and quasi-steady-state approximation. Chem. Eng. Sci., 2013. 93: p. 150-162.
Contino, F., et al., Coupling of in situ adaptive tabulation and dynamic adaptive chemistry: An effective
method for solving combustion in engine simulations. Proc. Combust. Inst., 2011. 33(2): p. 3057-3064.
Ren, Z., et al., The use of dynamic adaptive chemistry and tabulation in reactive flow simulations.
Combust. Flame, 2014. 161(1): p. 127-137.

Ren, Z., et al., Dynamic adaptive chemistry with operator splitting schemes for reactive flow simulations.
J. Comput. Phys., 2014. 263: p. 19-36.

Lu, T. and C.K. Law, A4 directed relation graph method for mechanism reduction. Proc. Combust. Inst.,
2005. 30(1): p. 1333-1341.

Lu, T. and C.K. Law, On the applicability of directed relation graphs to the reduction of reaction
mechanisms. Combust. Flame, 2006. 146(3): p. 472-483.

Pepiot-Desjardins, P. and H. Pitsch, 4n efficient error-propagation-based reduction method for large
chemical kinetic mechanisms. Combust. Flame, 2008. 154(1): p. 67-81.

Shi, Y., et al., Acceleration of the chemistry solver for modeling DI engine combustion using dynamic
adaptive chemistry (DAC) schemes. Combust. Theor. Model., 2010. 14(1): p. 69-89.

Lu, T. and C.K. Law, Strategies for mechanism reduction for large hydrocarbons: n-heptane. Combust.
Flame, 2008. 154(1): p. 153-163.

16



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Gou, X., et al., 4 dynamic adaptive chemistry scheme with error control for combustion modeling with a
large detailed mechanism. Combust. Flame, 2013. 160(2): p. 225-231.

Oluwole, O.0., et al., Decoupled Species and Reaction Reduction: An error-controlled method for
Dynamic Adaptive Chemistry simulations. Combust. Flame, 2015. 162(5): p. 1934-1943.

Xie, W., et al., Dynamic adaptive chemistry via species time-scale and Jacobian-aided rate analysis.
Proc. Combust. Inst., 2017. 36(1): p. 645-653.

Zhao, P., SM. Nackman, and C.K. Law, On the application of betweenness centrality in chemical
network analysis: Computational diagnostics and model reduction. Combust. Flame, 2015. 162(8): p.
2991-2998.

David G. Goodwin, R.L.S., Harry K. Moffat, and Bryan W. Weber, Cantera: An object-oriented software
toolkit for chemical kinetics, thermodynamics, and transport processes. https://www.cantera.org, 2018.
Gregory P. Smith, D.M.G., Michael Frenklach, Nigel W. Moriarty, Boris Eiteneer, Mikhail Goldenberg,
C. Thomas Bowman, Ronald K. Hanson, Soonho Song, William C. Gardiner, Jr., Vitali V. Lissianski,
and Zhiwei Qin.

Mehl, M., et al., Kinetic modeling of gasoline surrogate components and mixtures under engine
conditions. Proc. Combust. Inst., 2011. 33(1): p. 193-200.

Hagberg, A., P. Swart, and D. S Chult, Exploring network structure, dynamics, and function using
networkx. Conference: SCIPY 08 ; August 21, 2008 ; Pasadena. 2008, United States: ; Los Alamos
National Lab. (LANL), Los Alamos, NM (United States). Medium: ED.

Otte, E. and R. Rousseau, Social network analysis: a powerful strategy, also for the information sciences.
J. Inf. Sci., 2002. 28(6): p. 441-453.

Faust, S.W.a.K., Social Network Analysis: Methods and Applications. 1994, Cambridge University Press.
Lamoureux, N., C.-E. Paillard, and V. Vaslier, Low hydrocarbon mixtures ignition delay times
investigation behind reflected shock waves. Shock Waves, 2002. 11(4): p. 309-322.

17



Figures
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A part of CRN graph generated automatically at t= 1 ms for methane/air ignition process under the RCM
combustion conditions of T= 1500 K, p= 1 bar and ®= 1.
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