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Abstract Feasibility of multidimensional hydrodynamic modeling depends crit-
ically on the availability of accurate reduced kinetic mechanisms of physical and
chemical processes taking place in the system. Such mechanisms should describe the
processes under consideration within a specified error tolerance in the range of initial
conditions of interest while keeping the number of species and reactions as small as
possible. We have developed an advanced tool for reduction of detailed kinetic mech-
anisms with a minimal human effort. The tool includes 10 reduction and 2 analysis
methods which are based on the results of zero-dimensional modeling. The methods
can be combined and applied in sequence. The reduction tool has been implemented as
a part the Chemical Workbench computational package and has been tested for a num-
ber of large kinetic mechanisms of gas-phase processes. Using this tool, we reduced
the mechanism of tar gasification from 177 species and 879 reversible reactions to
only 83 species and 278 reactions, while the mechanism of methane combustion ini-
tially involving 127 species and 1,206 reactions was reduced to 42 species and 173
reactions.
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Introduction

Detailed kinetic mechanisms describing complex chemical processes, such as hydro-
carbon oxidation, can consist of hundreds of species and thousands of elementary
reactions [1,2]. Kinetic modeling based on detailed mechanisms provides a precise
description of behavior of concentrations of species and thermodynamic parameters
with respect to time. Obtaining the solution for the mechanisms of such a complex-
ity in homogenous systems is a matter of seconds for modern computers. However,
multidimensional simulations of reacting flows involving chemical transformations in
such a detail is still not possible due to the extreme computational complexity [2,3].
For this reason, development of different approaches to reduce kinetic mechanisms
is a necessary step for taking advantage of detailed chemical information in multidi-
mensional hydrodynamic modeling of complex processes and devices [2,3]. Reduced
mechanisms usually describe processes with a lower precision and are applicable in a
narrower range of initial conditions than detailed mechanisms. However, such reduced
mechanisms make 3D computational fluid dynamics (CFD) simulations feasible.

A mechanism can be simplified separately from CFD simulations in a common
zero-dimensional reactor. This approach makes possible a systematic reduction of an
arbitrary chemical mechanism. Another way to incorporate complex chemistry into
CFD simulations is to approximate the solution by polynomial functions with locally
defined coefficients [4–6].

A large number of methods [7–10] for systematic reduction of kinetic mechanisms
have been suggested. Some of them exclude reactions and species that can be disre-
garded under particular conditions [8,9]. As a result, a skeletal mechanism is obtained.
Such a mechanism includes only a minimal set of reactions and species that are impor-
tant for the description of the system. Thus, in a skeletal mechanism, reactions are
elementary physical and chemical processes that actually occur in the system under the
conditions considered. Each mathematical algorithm of this kind has a set of method-
specific parameters that determine which species and reactions should be neglected.
In this work they are referred to as controlling parameters. The accuracy of the skel-
etal mechanism can be controlled by varying values of the controlling parameters
[7,8,12,13].

If the number of species and reactions in the skeletal mechanism in not small enough
for CFD simulations, a global mechanism should be developed. Such a mechanism
consists of overall reactions [2] with the rates calculated on the basis of elementary
reactions [11]. In this case, the reactions in the mechanism do not correspond to any real
elementary processes and the reaction rates are approximations that do not generally
follow Arrhenius form.

The accuracy of description of physical and chemical variables (concentrations
of species, temperature, and pressure) by the mechanism can be validated against
experimental data as well as the data obtained using the detailed mechanism [12].
In latter case, it is assumed that the detailed mechanism is already validated against
experimental data.
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Algorithms for elimination of unimportant species and reactions can be divided
into three groups: (1) sensitivity analysis and derivatives [9], (2) rates of production
analysis and derivatives [8], and (3) time-scale analysis and derivatives [11,14,15].
There is a number of ways to combine these approaches [1,10,16]. In some combina-
tions, methods are applied successively [1,16]. In this case, species and reactions are
removed if any of the reduction methods marks them as unimportant. There can also
be combinations in which reactions and species are removed only if all the methods
mark them as unimportant [10].

In the present paper, a software tool for mechanism reduction is developed. The tool
allows a construction of skeletal mechanisms using any combination of 10 mechanism
reduction methods. Although there are other reduction tools already available [3,17],
some of them are coupled with CFD codes and reduce mechanisms only with respect
to specific CFD models [3], while the others [17] include only mechanism analysis
methods and do not provide means to automatically produce reduced mechanisms. As
opposed to these approaches, the advanced tool developed in the present study pro-
vides the means to automatically reduce and validate kinetic schemes prior to using
them in CFD simulations.

The paper is organized as follows. In Sect. 1 general structure of the mechanism
reduction module is presented. In Sect. 2 the graphical user interface is described. In
Sect. 3 algorithms of methods are given in detail. In Sect. 4 results obtained with the
module are discussed.

1 Mechanism reduction module

The software module is integrated into the Chemical Workbench software package
(CWB, http://www.kintechlab.com/products/chemical-workbench/) for physical and
chemical modeling and solving of systems of stiff ordinary differential equations
[18]. This module is able to analyze and reduce mechanisms of chemical processes
simulated in the Calorimetric Bomb Reactor (CBR), CBR with Sensitivity (CBRS),
and other zero-dimensional models. Reactor models and the reduction module are
integrated into a single environment so that results of kinetic calculations or series
of calculations can be passed to the reduction module and then the reduced mecha-
nism developed can be passed back to the reactor considered. The results of kinetic
calculations can include the following data:

1. The solution of the set of kinetic equations determined by the mechanism in a
certain range of initial conditions. The solution includes concentrations of all species,
rates of all reactions, and thermodynamic parameters at each value of the argument,
i.e. time or length in case of the plug flow reactor model.

2. The sensitivity matrix including sensitivity of concentrations of species to rate
parameters of reactions at specified values of the argument. These data are generated
only in the kinetic reactor models with sensitivity.

3. The Jacobean matrix. These data are also generated only in the kinetic reactor
models with the sensitivity CBRS model at specified values of the argument.

In addition to the results of calculation, each method requires specification of the
reduction parameters. These reduction parameters include (1) the method parameter
which controls the number of species and reactions to be eliminated, (2) the set of most
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important species, which determines what species should be correctly described by
the reduced mechanism, and (3) the set of argument values at which the solution is to
be analyzed. It should be noted that some algorithms have several method parameters.

In total, 10 mechanism reduction and 2 mechanism analysis methods are imple-
mented within the mechanism reduction module.

The mechanism reduction methods include:

1. Direct Sensitivity Analysis (DSA) [18].
2. Principal Component Analysis (PCA) [9,20].
3. Normalized Rate Sensitivity Coefficients (NRSC) [20].
4. Overall Normalized Species Sensitivity Coefficients (OSS) [21].
5. Detailed Reduction Method (DR) [23].
6. Rate of Production Index Analysis (ROP Index) [12,24].
7. Directed relation graph (DRG) [25].
8. Directed relation graph with error propagation(DRGEP) [8].
9. Path Flux Analysis (PFA) [13].

10. Computational Singular Perturbation method (CSP) [7,12,15,16,26,27].

The mechanism analysis methods include:

1. Quasi Steady State Index (QSSI) [28].
2. Rate of production analysis [24].

All algorithms for the reduction are implemented as individual modules with a
unified software interface. Each algorithm returns a vector including computed values
of importance index of species. If a method analyzes importance of reactions, the
corresponding vector is also returned. Values written to these vectors are compared
to the value of the method parameter, which works as a threshold separating impor-
tant species and reactions from unimportant ones. The important reaction and species
determined in this way are marked with ticks in the graphical user interface. Resulting
mechanisms of important species and reactions can be saved to the Chemical Work-
bench project and further used in physical and chemical simulations. The reduction
methods implemented in the mechanism reduction module differ in the algorithm of
importance evaluation. This approach simplifies the addition of new methods. In the
case when the reduction methods are applied in combination, reactions and species
marked as important by any algorithm are considered to be important and stay in the
mechanism. The operations of union and intersection of resulting sets of important
species and reactions generated by different methods can be controlled by the user in
the general part of the graphical user interface, as described in Sect. 4.

The procedure for systematic simplification of kinetic mechanisms is fully inte-
grated in the CWB software. The generation of required input data for the mechanism
reduction module and the evaluation of the accuracy of reduced mechanisms are car-
ried out in the CWB. Results of physical and chemical simulations performed using
CWB are stored in several binary files. The mechanism reduction module reads all the
necessary information about the results of simulations from these files. The reduced
mechanism obtained is saved to the Chemical Workbench project, replacing the initial
mechanism in the considered calculation. Thus, the same simulations can be repeated
with the newly obtained reduced mechanism. If the comparison of simulations results
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Fig. 1 Graphical user interface of the mechanism reduction module

shows that the reduced mechanism satisfies the error tolerance, the mechanism reduc-
tion module can be called again for further reduction. Otherwise, the reduced mecha-
nism can be replaced by the detailed mechanism in the considered CWB calculation
and the reduction can be restarted.

2 Graphical user interface

The graphical user interface (GUI) of mechanism reduction module is presented in
Fig. 1

The graphical interface is divided in two parts. On the right hand side, there are the
controls:

1. Choice of the method.
2. Running the method chosen.
3. Setting parameters of the method and target species.
4. Choice of time moments for analysis.
5. Closing the module without saving results.
6. Saving the simplified mechanism.
7. Calling diagram illustrating fluxes of atoms and reaction pathways. On the left

hand side, the results of analysis are illustrated:
8. Important species according to the method considered.
9. Species to be included in the reduced mechanism.

10. List of species in the detailed mechanism.
11. List of reactions in the detailed mechanism.
12. Reactions to be included in the reduced mechanism.
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13. Important reactions according to the method considered.

The initial detailed mechanism which is being analyzed and reduced is represented
by list of species (10) and reactions (11). The argument values at which the analysis
should be performed can be chosen in panel (4). The vectors of reaction and species
importance index values returned by the reduction methods are given in columns (8)
and (13), respectively. Species and reactions marked as important by any of the reduc-
tion methods applied in combination for at least one argument value are shown in
columns (9) and (12), respectively, and are included in the reduced mechanism when
the saving button (6) is pressed. The marks in columns (9) and (12) can also be edited
by the user, providing the possibility of manual modification of the reduced mecha-
nism. The methods using the sensitivity or Jacobean matrices can reduce mechanisms
only at argument values for which the corresponding data were generated.

A reduced mechanism obtained at particular initial conditions is generally applica-
ble only at these initial conditions. In order to obtain a reduced mechanism applicable
in a range of initial conditions, several reduced mechanisms for different initial con-
ditions should be united. The Chemical Workbench environment and the mechanism
reduction module are able to generate results for several sets of initial conditions and to
analyze them simultaneously, thus producing the reduced mechanism applicable in the
required range of initial conditions.If results of a series of simulations are transfered to
the mechanism reduction module as input data, all these calculations are available for
the analysis and are represented in panel (4). An example of working with calculations
performed at different initial temperatures is shown in Fig. 2. The reduced mechanism
is constructed for each row of panel (4) and then unified. Thus, the mechanism reduc-
tion module can be used to obtain reduced mechanisms applicable to as many sets of
initial conditions as available in the simulation results supplied.

3 Algorithms of methods of mechanism reduction and mechanism analysis

In this section, we describe the methods implemented within the mechanism reduc-
tion module. The description of each of these methods consists of a block diagram
illustrating the algorithm, list of the input parameters, and explanation of the diagram.
The following notations are used:

t—Time,
�c—Vector of species concentrations,
�R—Vector of rates of species transformations,
�I—Vector of importance index values of species or reactions (depending on the

method),
S—Sensitivity matrix of species concentrations to reactions rate constants,
�w—Vector of rates of elementary reactions,
ν—Stoichiometric matrix of the system,
�—List of target species,
Threshold—threshold value for the importance index (controlling parameter),
J—Jacobean matrix of system,
d�c(�k,t)

dt = �R(�k, �c(⇀

k, t))—Set of kinetic equations.
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Fig. 2 Analysis of the mechanism in a range of initial conditions

Target species in each method are those species which concentrations should be
accurately described by the simplified mechanism. They include products, reagents,
and most important intermediates.

3.1 Methods of sensitivity analysis

There are several types of sensitivity matrix: a concentration sensitivity matrix, a
rate sensitivity matrix, and a Jacobian matrix. Concentration sensitivity matrix is the
sensitivity of species concentrations with respect to reaction rate constants. The com-

ponents of the concentration sensitivity matrix
�

S and of the normalized concentration
sensitivity matrix S are given by

�

Si j = ∂ci

∂k j
,

Si j = k j

ci

�

Si j = k j

ci

∂ci

∂k j

The value of the sensitivity coefficient of substance i to the rate constant of reaction
j corresponds to the variation of the concentration of species i at a small change of
the rate constant of reaction j . Therefore, the reaction j should be considered to as
important if at least one of the important species has a large sensitivity with respect to
this reaction.

Rate sensitivity matrix is the sensitivity of rates of species transformations with

respect to rate constants. The components of the rate sensitivity matrix
�

F and of the
normalized rate sensitivity matrix F are defined as
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�

Fi j = ∂ Ri

∂k j
,

Fi j = k j

Ri

�

Fi j = k j

Ri

∂ Ri

∂k j
.

In this case, the value of the sensitivity coefficient of substance i with respect to
rate constant of reaction j corresponds to the variation of the transformation rate of
species i at a small change of the rate constant of reaction j . The same as in the case
of the concentration sensitivity matrix, the reaction j can be considered as important
if at least one of the important species has a large sensitivity to with respect to it.

Jacobian matrix is the sensitivity of rates of species transformations to species con-

centrations. The components of the Jacobian matrix
�

J and the normalized Jacobian
matrix J correspond to:

�

J i j = ∂ Ri

∂c j
,

Ji j = c j

Ri

�

J i j = c j

Ri

∂ Ri

∂c j
.

In the case of the Jacobian matrix, the value of the sensitivity coefficient of sub-
stance i with respect to substance j shows the variation of the transformation rate of
species i at a small change of the concentration of species j . The sensitivity coefficient
of species i with respect to itself corresponds to the timescale of its transformation.
The species j can be considered as important if at least one of the important species
has a large sensitivity with respect to it.

The sensitivity matrices can be differential or integral. The components of differen-
tial sensitivity matrices are determined by the derivatives at a single moment of time.
The components of integral sensitivity matrices are averaged over a period of time
�

S
int

i j = 1
T

∫
T

∂ci
∂k j

dt . All the methods of sensitivity analysis described in this section
are applicable both in the cases of integral and differential sensitivity. In the Chem-
ical Workbench computational package, the differential and integral sensitivities are
considered in the reactor models with Sensitivity and with Deviation, respectively.

3.1.1 Direct sensitivity analysis (DSA)

In the DSA method, the maximum value of the concentration sensitivity to each reac-
tion is calculated and compared with the threshold value [18]. The method parameters
are:

– Threshold (controlling parameter). The reactions with all sensitivity coefficients
smaller than the threshold value are excluded from the mechanism.

The input of the method consists of the sensitivity matrix Si j = k j
ci

∂ci
∂k j
= ∂ ln ci

∂ ln k j

computed in the CWB calculation and the threshold value determining which reac-
tions should be excluded (Fig. 3). The importance index Ii of the reaction i is equal to
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S, threshold 

threshold>iI
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Reaction i is important 

yes

Reaction i is unimportant 
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∈

=

Fig. 3 Scheme of the method of direct Sensitivity Analysis (DSA). S is the sensitivity matrix, the threshold
is the value defining important reactions, i denotes the reaction under analysis, A corresponds to species
from the mechanism, and Ii is the importance index of reaction i

the maximum of absolute values of sensitivity coefficients SAi among all the species.
The index Ii is not normalized and can take any value greater than zero. Once found,
importance index values of all reactions are compared with the threshold value. By
default, the threshold equals to 1 and can be varied in the graphical user interface.

If the index Ii is greater than the threshold, the reaction i is considered to be impor-
tant. Otherwise, the reaction is considered as unimportant. The skeletal mechanism is
derived from the detailed mechanism by keeping only important reactions.

3.1.2 Principal component analysis (PCA)

The PCA method is based on the calculation of eigenvectors and eigenvalues of the
sensitivity matrix [9,20]. The groups of reactions having large weights in different
eigenvectors are called principal components of the sensitivity matrix. The reactions
that have significant weights in the principal components with large eigenvalues are
included in the simplified mechanism.

The method parameters are:

– Eigenvalue threshold (the first controlling parameter). The reactions included only
in the principal components with eigenvalues below this threshold are excluded.

– Eigenvector threshold (the second controlling parameter). This parameter deter-
mines the minimum weight of reactions in eigenvectors above which the reactions
are included in the principal components.

– Target group of species, i.e. the set of important species that should be described
accurately by the reduced mechanism.

The input of the PCA method consists of the concentration sensitivity matrix, the two
threshold values and the list of important species. The reactions are grouped by their
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S, val_tr, vec_tr 

vec_tr>i
kU

no 

Reaction i is important 

UT Λ USST =

Reaction i is unimportant 

val_trkΛ

yes

yes

>

Fig. 4 Scheme of the method of principal component analysis (PCA). S is the sensitivity matrix, val_tr
is the eigenvalue threshold, vec_tr is the eigenvector threshold, � is a diagonal matrix with the elements
corresponding to the eigenvalues of the sensitivity matrix, U is the matrix with the columns corresponding
to the eigenvectors of the sensitivity matrix

relevance to the description of a specified set of species. This is done by the eigenvalue
and eigenvector decomposition of the sensitivity matrix. Only sensitivity coefficients
of the important species are analyzed.

The PCA algorithm scheme is presented in Fig. 4. In order to find eigenvalues
and eigenvectors of the matrix S it is transformed to the symmetric square matrix
STS = UT�U. The number of columns and rows in the matrix STS equals to the
number of reactions in detailed mechanism. The columns of the matrix U represent
eigenvectors. The groups of reactions that contribute the most to these eigenvectors are
determined and referred to as principal components. The matrix � is diagonal, with
the elements equal to eigenvalues of the sensitivity matrix S. The largest eigenvalues
correspond to the principal components which are the most relevant to the description
of selected important species.

Each principal component has as many elements as there are reactions in the detailed
mechanism with a nonzero weight in the corresponding eigenvector. The weights can
take values from 0 to 1. In order to find the most important reactions in each princi-
pal component the weights are compared with the eigenvector threshold. The default
value of the eigenvector threshold is 0.2. A reaction is excluded from the principal
component if its weight in this component is lower than this threshold. The reaction
is considered as included in the principal component if its weight is greater than the
eigenvector threshold. Each reaction can be included in several principal components.
Each component is characterized by its eigenvalue. Only components with eigenvalues
greater than the eigenvalue threshold are considered important for the description of
the selected species. The default value of the eigenvalue threshold is 1. Only reactions
included in the important principal components are kept in the reduced mechanism.

123



J Math Chem (2013) 51:73–107 83

w, , R, threshold 

threshold>iI
no 

Reaction i is important 

yes

Reaction i is unimportant 

∑
=

⎟⎟⎠

⎞
⎜⎜⎝

⎛
=

p

k k

iik
i R

w
ckI

1

2

),(
ν

v

Fig. 5 Scheme of the method of normalized reaction sensitivity coefficients (NRSC). The vector �w cor-
responds to the reactions rates, the vector νcorresponds to the stoichiometric coefficients, the vector �R
corresponds to the rates of total changes in the species concentrations, the threshold is used to determine
the important reactions

The PCA algorithm is more complex than the DSA algorithm. However, the PCA
method generally produces smaller mechanisms with the same accuracy.

3.1.3 Normalized rate sensitivity coefficients (NRSC)

In the NRSC method, the most important reactions are determined by the analysis of
coefficients of the rate sensitivity matrix [20]

Fi j = k j

Ri

∂ Ri

∂k j
= ∂ ln Ri

∂ ln k j
.

The method parameters are:

– Target group of species, i.e the set of important species that should be described
accurately by the reduced mechanism.

– Threshold (controlling parameter). The reactions with all sensitivity coefficients
smaller than the threshold value are excluded from the mechanism.

Unlike the two previous methods (DSA and PCA), in the NRSC method, the different
sensitivity matrix is considered and the use of sophisticated reactor models in CWB
simulations is not required. The matrix F can be generated from results of any CWB
calculation.

The NRSC algorithm is presented in Fig. 5. The input of this method consists of the
data on reaction rates �w, stoichiometric coefficients of species in reactions ν, rates of
species transformation �R(Ri =∑

j νi jw j ), and the threshold value. The importance
index of reaction j is calculated as
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I j (k, c) =
√√
√
√

p∑

i=1

(
∂ ln Ri (k, c)

∂ ln k j

)2

=
√√
√
√

p∑

i=1

(
νi jw j

Ri

)2

.

Thus, the importance index of each reaction equals to the root-mean-square of ratios
of sensitivity coefficients of all important species to the reaction rates. The index is not
normalized and takes any non-negative value. The importance index of each reaction
is compared with the threshold value. The reduced mechanism is composed of those
reactions which importance index exceeds the threshold.

3.1.4 Overall normalized species sensitivity coefficients (ONSS)

In the ONSS method, the sensitivity matrix of transformation rate of important species
to concentrations of all other species is analyzed [21,22]

Ji j = ∂ Ri

∂c j
.

The method parameters are:

– Target group of species, i.e the set of species that should be described accurately
by the reduced mechanism. List of important species initially consists only of
these species..

– Threshold (controlling parameter). The species for which the sensitivity coeffi-
cients are all smaller than the threshold value are excluded from the mechanism.

The ONSS algorithm is presented in Fig. 6. The input consists of the rates of species
transformations �R, concentrations of all species �c, the list of important species �, and
the threshold value of the importance index.

The importance index values of the species not present in � are found as

I j =
∑

i∈�

c j

Ri (k, c)

∂ Ri (k, c)

∂c j
=

∑

i∈�

∂ ln Ri (k, c)

∂ ln c j
=

∑

i∈�

c j

Ri (k, c)
Ji j

The index is not normalized and can take any nonnegative values The importance
index values of initial target species are not calculated and are taken equal to −1.
By default, the threshold equals 1. If the importance index of a species j exceeds
the threshold value, the species j is added to the list of important species �. As any
species is added to the list �, a new iteration of the importance analysis is required.
The calculation of the importance index is repeated until no additional species need
to be added to the list � or all of species are already included in this list. Finally,
the reduced mechanism is composed of species added to the list � and the reactions
involving only species from the list �.
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Fig. 6 Scheme of the method of overall normalized species sensitivity coefficients (ONSS). The vector
�c corresponds to the species concentrations, the vector �R corresponds to the rates of total changes in the
species concentrations, J is the Jacobian matrix, the threshold value is used to determine the important
species

3.2 Methods of rate of production analysis

In this section, methods based on the analysis of rates of species production are
described. These methods require only the knowledge of solution of the set of kinetic
equations and, hence, can be applied to results of simulations in any reactor model.

3.2.1 Detailed reduction method (DR)

The DR method is the simplest approach for measuring importance of reactions by
their rates [23]. The reactions are sorted by the rate of species production and con-
sumption or the heat dissipation rate. The reactions with the rates below the threshold
are excluded.

The method parameters are:

– Threshold type, i.e. the type of rate to be analyzed (rate value, heat generation
rate, relative rate compared to a specific reaction).

– Threshold (controlling parameter). The reactions with the rates below the thresh-
old are excluded from the mechanism.

– Threshold process. The reactions slower than the threshold process are excluded
from the mechanism.

The DR algorithm is shown in Fig. 7. The input consists of reactions rates w and the
threshold value. When the reactions rates are analyzed, the default threshold value is
1021 1

cm3×s
. If the heat generation is considered, then the threshold process must be

specified and all reactions producing less heat than this threshold process are excluded
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w, threshold 

threshold>iw
no 

Reaction i is important 

yes

Reaction i is unimportant 

Fig. 7 Scheme of the detailed reduction (DR) method. The vector �w corresponds to the reactions rates, the
threshold value is used to determine the important reactions

from the mechanism. If the relative rates compared to a specific reaction are analyzed,
then the threshold process should be specified as well and all reactions slower than
this process are excluded from the mechanism.

3.2.2 Rate of production index analysis (ROP Index)

The ROP index method is based on the iterative analysis of species production and con-
sumption rates and finding the reactions that contribute the most to the transformation
of target species [12,24].

The method parameters include:

– Target group of species, i.e the set of important species that should be described
accurately by the reduced mechanism.

– Threshold (controlling parameter). The reactions with the importance index values
below the threshold are excluded from the mechanism.

The ROP index algorithm is shown in Fig. 8. The input consists of the reactions rates
�w, the stoichiometric coefficients ν, the list of target species �, and the threshold value.
The importance index of the reaction j for transformation of the important species i
is calculated according to the formula

Ii j =
νi j

(
| �w j | + |←w j |

)

∑
k νik

(
| �wk | + |←wk |

) ,

where �w j is the rate of the reaction j,
←
w j is the rate of the reaction reverse to the reac-

tion j . The summation in the denominator is performed over all reactions involving
the species i .

The importance index is normalized and can take values from 0 to 1. The default
threshold value is 0.1. The number of importance index values calculated for any
reaction equals to the number of items in the list of target species. Among these
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Fig. 8 Scheme of the method of rate of production (ROP) index. The vector �w includes the reactions rates,
the vector ν corresponds to the stoichiometric coefficients, � is the set of target species, the threshold is
used to determine important reactions

index values, the greatest corresponds to the overall importance of the reaction for
the mechanism. If the overall importance of the reaction is greater than the threshold,
the reaction is kept in the mechanism, and all of its reagents and products are added
to the list � of important species. As any species is added to �, a new iteration of the
rate of production analysis is performed. The values of importance index are recalcu-
lated for all the reactions that are considered as unimportant. If some of these reactions
turn out to be important for the newly added species, they are also added to the reduced
mechanism, as well as their reagents and products. The rate of production procedure
is repeated until no new species need to be added to the list � or all the species in the
system are already included in this list. In the end, all the reactions considered to be
important at some stage of the analysis and the species included in the list � of target
species form the skeletal mechanism.

3.2.3 Directed relation graph (DRG)

The DRG method is a modification of the previous approach. In this method, the impor-
tance of all the non-target species for description of the target species is determined
by the analysis of the rates of transformations between them [25].

The method parameters are:

– Target group of species, i.e the set of important species that should be described
accurately by the reduced mechanism.

– Threshold (controlling parameter). The species with the importance index values
below the threshold are excluded from the mechanism.

The DRG algorithm is illustrated in Fig. 9. The input of the method consists of the
reactions rates �w, the stoichiometric coefficients ν, the list � of target species, and the
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Fig. 9 Scheme of the directed relation graph (DRG) method. The vector �w corresponds to the reactions
rates, the vector ν corresponds to the stoichiometric coefficients, � is the set of target species, the threshold
is used to determine which species are important

threshold value. The importance index of the non-target species B with respect to the
target species A is evaluated according to the formula

IAB =
∑

j |νAjw j |δB, j
∑

j |νAjw j |

where νAj is the stoichiometric coefficient of the substance A in the reaction j, w j is
the rate of the reaction j (the difference between the rates of the forward and reverse
reactions), δB, j is the coefficient that is equal to unity if the reaction j involves the
species B and to zero otherwise. The summation in the denominator is performed over
all reactions involving the target species A. The index is normalized and can take the
values in range from 0 to 1. The default threshold value is 0.1.

For each non-target species B, the number of evaluated importance index values
equals the number of target species in the list �. The maximum of these values cor-
responds to the overall importance of the species B for the mechanism. If the overall
importance is greater than the threshold, then species B is considered important and
added to the list �. As any species is added to the list �, a new iteration of the
importance analysis is required. The calculation of the importance index for each
non-target species is repeated until no additional species need to be added to the list
� or all of species are already included in this list. Finally, the reduced mechanism
is composed of species added to the list � and the reactions involving only species
from the list �. The DRG method, as opposed to the ROP index method, operates
with species rather than reactions and therefore can directly exclude species from the
mechanism.
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3.2.4 Directed relation graph with error propagation (DRGEP)

The DRGEP method is an extension of the directed relation graph method. In order to
reduce the number of species in the final simplified mechanism in the DRGEP method,
indirect relations between species are taken into account [8].

The method parameters are:

– Target group of species, i.e the set of important species that should be described
accurately by the reduced mechanism.

– Threshold (controlling parameter). The species with the importance index values
below the threshold are excluded from the mechanism.

The difference between the DRG and DRGEP methods can be explained by example
of the mechanism presented in Fig. 10. Let A be one of the target species and let the
species importance threshold be 0.3. According to the DRG method,

ĨAB = wAB

wAB + wAC
= 0.2 < 0.3,

ĨAC = wAC

wAB + wAC
= 0.8 > 0.3.

Hence, the species C is important for the species A and the species B is not. Therefore,
the species C should be added to the list of target species. The values of importance
index of the remaining non-target species (B and D) for the species C are given by

ĨC B = wC B

wC B + wC D
= 0.33 > 0.3

ĨC D = wC B

wC B + wC D
= 0.67 > 0.3

Thus, all the species should be added to the reduced mechanism and the mechanism
cannot be reduced. The DRG method does not take into account that the species B and
D are not as important for the initial target species A as they are for the species C since
they influence the species A indirectly through C. The DRGEP method differs from
the DRG in the indirect influence index. The values of indirect influence index of the
species B and D on the species A through the species C are calculated as follows

IAB = ĨAC × ĨC B = 0.8× 0.33 = 0.26 < 0.3,

IAD = ĨAC × ĨC D = 0.8× 0.67 = 0.54 > 0.3.

Since the species D can influence the species A only indirectly, its importance index
with respect to A is 0.54. This is greater than the threshold value and the species D is
included in the reduced mechanism. The influence of the species B on the species A is
obtained as the maximum between the values of direct and indirect influence indices.
Therefore, the overall importance of the species B is found to be 0.26. This is less than
the threshold and, thus, the species B is excluded from the mechanism.

The DRGEP algorithm is shown in Fig. 11. The input consists of the reactions rates
w, the stoichiometric coefficients ν, the list of target species �, and threshold value.
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Fig. 10 Example of a chain of species transformations

Fig. 11 Scheme of the method of directed relation graph with error propagation (DRGEP). The vector �w
corresponds to the reactions rates, the vector ν corresponds to the stoichiometric coefficients, � is the set
of target species, the threshold is used to determine the important species

The importance index of the non-target species B for the description of the target
species A is calculated as

IAB =
∑

j |νAjw j |δB, j
∑

j |νAjw j | × IA
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where νAj is the stoichiometric coefficient of the species B in the reaction j, w j is
the rate of the reaction j (the difference between the rates of the forwards and reverse
reactions), δB, j is the coefficient that is equal to unity if the reaction j involves the
species B and to zero otherwise. The summation in the both cases is performed over
the reactions involving the species A. The importance index is normalized and can
take values in the range from 0 to 1. The default threshold value is 0.1. For the initial
target species, the importance index is not calculated and is assigned to 1.

For each non-target species B, the number of calculated importance indices equals
the number of target species in the list �. The maximum among these values corre-
sponds to the overall importance of the species B for the mechanism. If the overall
importance is greater than the threshold, the species B is considered as important and
is added to the list �. If any species is added to the list �, another iteration of the
importance analysis is performed. The calculation of the importance index for each
non-target species is repeated until no additional species need to be added to the list
� or all the species are already in this list. Finally, the reduced mechanism consists of
the species added to the list � and the reactions involving only species from the list
�.

It should be noted that the importance index of any non-target species B is multi-
plied by the importance index of the target species A. If A is among the initially target
species, this factor equals 1 and the importance index of the non-target species B is
not changed. If the species A is added to � during the analysis, the factor is lower
than 1. Therefore, the importance index of the species B is reduced, thus taking into
account that the species B influences the initial target species indirectly, through the
species A. It should also be mentioned that in the case when the importance index of
the species B is lower than the threshold, no indirect influence through this species
need to be investigated. This is because all importance indices are lower or equal to
1. Thus, any indirect influence index values with respect to the initial target species
calculated through the species B are lower or equal to the importance index of the
species B, which is lower than the threshold.

3.2.5 Path flux analysis (PFA)

The PFA method is based on the separate calculation of production and consumption
of species and the analysis of their mean values. Thus, the channels of production and
consumption are both found for each species in the reduced mechanism [13].

The method parameters are:

– Target group of species, i.e the set of important species that should be described
accurately by the reduced mechanism.

– Threshold (controlling parameter). The species with the importance index values
below the threshold are excluded from the mechanism.

The PFA algorithm is shown in Fig. 12. The input consists of the reactions rates �w,
the stoichiometric coefficients ν, the list of target species �, and the threshold value.
The importance index is normalized and can take values from 0 to 1. By default, the
threshold equals to 0.1.
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Fig. 12 Scheme of the method of path flux analysis (PFA). The vector �w corresponds to the reactions rates,
the vector ν corresponds to the stoichiometric coefficients, � is the set of target species, the threshold is
used to determine the important reactions

The production flux for each target species A ∈ � equals

PA =
∑

k

max(νAkwk, 0).

The consumption flux of the species A is given by

CA =
∑

k

max(−νAkwk, 0)

The contribution of the non-target species B in the production of the species A is
found as

r pro
AB =

PAB

max(PA, CA)
,

where

PAB =
∑

k

max(νAkwkδ
k
B, 0),

δk
B =

{
1, νBk �= 0
0, νBk = 0

.

The contribution of the non-target species B to the consumption of the species A
is evaluated as

rcons
AB =

CAB

max(PA, CA)
,

CAB =
∑

k

max(−νAkwkδ
k
B, 0).
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The importance indexof the species B is determined by

IB = max
A∈�

(
r pro

AB + rcons
AB

2
× IA

)

.

The species B is added to the list � of target species if the importance index IB exceeds
the threshold. The procedure is repeated for each new set of target species. As no more
species can be added to the list �, the final set of the important species is found. All
the species present in the initial list of target species are assigned importance index
values IA = 1. Finally, the reduced mechanism consists of the species added to the
list � and the reactions involving only the species from the list �.

3.3 Methods of time-scale analysis

The analysis of time scales is based on the analysis of the Jacobian matrix. The ele-
ments of the Jacobian matrix are in the units of frequency ( 1

sec ) and the diagonal
elements correspond to the frequencies of species transformations. The eigenvectors
and eigenvalues of the matrix correspond to the linear combinations of species which
transformations are coupled (eigenvectors) and corresponding time scales (reciprocal
eigenvalues). Therefore, the analysis of the Jacobian matrix allows finding quasi-
steady-state species and dividing species into “fast” and “slow” subdomains. Fast
time scales correspond to small transformation times and high frequencies. Slow time
scales correspond to large transformation times and low frequencies.

The most well-known method of time-scale analysis is the quasi-steady state
assumption for species concentrations. According to this method, the species with
the fastest time scales of transformation achieve the quasi-steady state faster than the
process as a whole and, thus, can be considered as slowly changing. Hence, the differ-
ential equation for evolution of the concentration of such species can be replaced by
an algebraic constraint on the species concentrations. From this constraint, the con-
centration of one of the species can be expressed as an algebraic function of the other
concentrations and eliminated from the mechanism. The drawback of this method is
that the rates of transformations of other species depend on the quasi-steady concentra-
tions of the species in the quasi-static state. In order to eliminate these concentrations,
a nonlinear algebraic equations system needs to be solved, which is often more com-
plicated than solving the complete set of differential equations.

3.3.1 Computational singular perturbation method (CSP)

In this method contribution of reactions to “slow” and “fast” sub domains is treated
separately and most important for each sub domain form the skeletal mechanism
[7,12,15,16,26,27]. In order to separate sub domains the Jacobian matrix is used.

The method parameters are:

– Threshold value. Primary controlling parameter. Reactions corresponding to
importance index values below the threshold are excluded from the mechanism.
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Fig. 13 The vector �w corresponds to the reactions rates, the vector ν corresponds to the stoichiometric
coefficients, � is the set of target species, J corresponds to Jacobian matrix, τ corresponds to critical
timescale defining fast and slow processes, the threshold is used to determine the important reactions

– Time scale. Additional controlling parameter. Time scale that separates fast and
slow sub domains.

In contrast to the quasi-steady-state analysis, linear combinations of species are
investigated for quasi-steady state rather than individual species. Thus, all of the quasi-
steady states in the system can be found. Groups of coupled species are found by the
eigenvalue and eigenvector decomposition of the Jacobian matrix.

The algorithm of the method is illustrated in Fig. 13. The input consists of the
reactions rates �w, the stoichiometric coefficients ν, the critical time scale separating
“fast” and “slow” slow sub domains τ , the Jacobian matrix J, the list of target species
�, and the threshold value. The importance index is normalized and can take values in
range from 0 to 1. The default threshold value is equal to 0,1. The time scale parameter
(τ ) is specified by the user, can take any nonnegative value, and has the default value
of 10−5.

The Jacobian matrix is not symmetric. Hence, each eigenvalue corresponds to the

pair of vectors: the column vector—
�

J�ai = λi
⇀

a i , and the row vector—�bi
�

J = �biλi .
If 1

λi
< τ , where τ is the critical time scale, the pair of vectors corresponds to the

fast subsystem, otherwise the pair of vectors corresponds to the slow subsystem. The
transition matrix from the species to the independent linear combinations of species
is given by the row vectors (b). The inverse transformation is given by the column
vectors (a). The importance index of the reaction k influencing the target species i in
the slow and the fast sub domains is computed as follows:
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(
I i
k

)

slow
=

∑N
s=M+1 ai

s (bs · Sk) wk

∑Np
j=1

∣
∣
∣
∑N

s=M+1 ai
s

(
bs · S j

)
w j

∣
∣
∣

(
I i
k

)

f ast
=

∑M
r=1 ai

r (br · Sk) wk

∑Np
j=1

∣
∣
∣
∑M

r=1 ai
r

(
br · S j

)
w j

∣
∣
∣

where wk is the rate of reaction k, Sk is the stoichiometric vector corresponding to
reaction k, (bs · Sk) is the scalar product of two vectors giving the stoichiometric coef-
ficient of the group of species in the reaction k, N is the number of time scales, M is
the number of fast timescales, Np is the number of reactions in mechanism.

The number of the timescales is equal to the number of the species. For each reac-
tion and each important species two values of the importance indices are calculated.
Thus, the number of the importance index values calculated for each reaction is twice
the number of the target species. The greatest among the index values represents the
overall importance of the reaction for the mechanism. If the overall importance is
greater than the threshold, the reaction is considered as important. All the reactants
and products of the reaction are added to the list of target species �.

If any of the species were added to �, the new iteration of the importance analysis
is required. The values of the importance index are recalculated for all reactions that
were considered unimportant. If some of them turn out to be important for the newly
added species, they are added to the reduced mechanism, as well as their reagents and
products. The iterations of the procedure is repeated until no new species need to be
added to the list �, all the species in the system are already included in this list. Finally,
all the reactions considered to be important at some stage of the reduction procedure
and species included to the list � of important species form skeletal mechanism.

3.4 Auxiliary methods for mechanism analysis

Methods of mechanism analysis presented in this group are not created for the mecha-
nism reduction but rather for understanding of the most important reactions and species
and determining optimal values for the input parameters of other methods.

3.4.1 Species quasi steady state index (QSSI)

In this algorithm calculates best candidates to quasi steady state species are found
based on analysis of atomic fluxes [28].

The method parameters are:

– Atom. Type of atoms used for calculation of fluxes.
– Threshold value. Species corresponding to index values greater than the threshold

can be considered as quasi steady state species.

The algorithm of the method is shown in Fig. 14. The input consists of the reactions
rates �w, the stoichiometric coefficients ν, the type of atoms A for fluxes calculation,
and the threshold value. The index can take values in range from 0 to 1. The default
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Fig. 14 Scheme of Species Quasi State Index method, The vector �w corresponds to the reactions rates, the
vector ν corresponds to the stoichiometric coefficients, n is the number of atoms in species, the threshold
is used to determine the important reactions, A corresponds to the type of atoms to be used to calculate the
fluxes

value of the threshold is 0,1. The default value for A is hydrogen atom. The flux of the
atom A in the reaction k from the reagent i to the product j is calculated as follows:

Ȧki j = wk
νikn A,i∗ν jkn A, j

NA,k

wherewk is the rate of the reaction k, the number of atoms of the type A in the spe-
cies i and j are n A,i and n A, j respectively. νik, ν jk are the stoichiometric coefficients
of the species i, j in in the reaction k.NA,k is the total number of atoms of the type A
in all the species participating to reaction k with stoichiometric coefficients taken into
account.

The flux of atom A through each substance is calculated as follows:

f luxi =
∑

k, j

( Ȧki j − Ȧk ji )

The total flux of atom A through all the species and reactions:

f lux� =
∑

k,i. j

( Ȧki j − Ȧk ji )

The value of the quasi steady state index for the species i is 1− f luxi
f lux�

. If this value is
greater than the threshold, species i can be considered to be in the quasi steady state.
This method allows tracing of the fluxes of each type of atom in the mechanism.
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Fig. 15 Scheme of Rate of Production Index method, A corresponds target species, the vector �w corre-
sponds reactions rates, ν is matrix of stoichiometric coefficients

3.4.2 Rate of production

In this method the contributions of the reactions to the production of the selected
species are analyzed [24].

The method parameters are:

– Substance. Choice of species for analysis.

The algorithm of the method is shown in Fig. 15. The input consists of the reactions
rates �w, the stoichiometric coefficients ν, and the target species A. By default A is the
first species in the mechanism.

Participation of each reaction to the production and consumption of a chosen tar-
get species is analyzed. Rate of each reaction is the difference between forward and
reverse rates. If this difference is positive, the species on the left hand side of the
chemical reaction equation are considered to be consumed and the species on the right
hand side are considered to be produced. It the difference is negative, things are other
way around. If the target species is consumed in reaction i , the consumption index is
calculated for it:

Ii = νAiwi
∑

k

∣
∣νAkwcons

k

∣
∣

The consumption index has negative value since either νAi or wi is negative, but
not both at the same time. Possible values that the consumption index can take are
from −1 to 0.

If the target species is produced in reaction i , the production index is calculated for
it:

Ii = νAiwi
∑

k

∣
∣
∣νAkw

prod
k

∣
∣
∣

The production index is positive since both νAi and wi are positive or negative at the
same time. Possible values that the production index can take are from 0 to 1.
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Table 1 Comparison of reduced
mechanisms obtained with
different methods combinations

Combination Species Reactions

DRG followed by rate of production 90 220

Rate of production followed by DRG 91 206

Number of common species
and reactions in mechanisms

82 173

This method is helpful in identifying the main channels of the production and
consumption of individual species.

4 Results

4.1 Optimal sequence of methods

An ability to apply the methods in sequence allows creating combinations of meth-
ods within the reduction module. In order to improve efficiency of the reduction it is
necessary to understand which methods should be combined and in what order. The
results of the reduction of the tar gasification mechanism, which is described in more
detail in the next section, performed by the combination of methods DRG and Rate
Of Production Index applied in different order are presented in Table 1. According
to the table, the number of reactions and species in simplified mechanism changes
slightly when the techniques are applied in different order, but nevertheless the lists of
reactions in these cases are different. As the difference in the number of reactions and
species between different combinations is minor, other considerations should be taken
into account. Among them are the reduction priorities and computational efficiency.

An optimal sequence of methods for the reduction of the mechanisms was found in
our previous work [30]. The combination consists of the DRG, CSP, and DSA applied
in sequence. Simplification of the mechanism by the chain of these methods consists
of the following steps:

1. The detailed mechanism is simplified by the DRG, and a first preliminary mecha-
nism is obtained. Kinetic simulations results are recalculated with this mechanism.

2. The first preliminary mechanism and the new calculation results are passed to the
CSP method. Thus, a second preliminary mechanism is obtained. Kinetic simula-
tions results are recalculated with this mechanism.

3. The second preliminary mechanism is passed to the DSA, and a final skeletal
mechanism is obtained.

Since reduction of the number of species is the main objective of the mechanism
simplification„ the first method to apply should be the method eliminating species
directly. Reduction of the number of reactions and additional species not participating
to the remaining reactions is of secondary importance. Hence, the DRG should be
applied first as the most effective method of species elimination. After that the most
effective method for the reactions elimination should be applied, which is the CSP.
The third method is mostly required for eliminating any redundant species without the
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Fig. 16 Sequence of reduction methods

consumption or production channels, and any reduction method can be used for this
purpose with the small value of the controlling parameter. The most simple of them
is the DSA or DR, but others, like the DRG, may also be used.

On the other hand, there are also considerations of computational efficiency. Meth-
ods of sensitivity analysis require the sensitivity matrix of dimensionality M×M,
where M—number of reactions, to be generated. Similarly, the timescale analysis
requires Jacobian matrix of dimension N×N, where N—number of species, to be
computed. Thus, the dimensionality of matrices and amount of the computation to
be performed depends on the number of species and reactions in the mechanism by
a power law.. Hence, the sensitivity analysis of extremely large mechanisms is time
consuming as well as the timescale analysis. The selected order of methods simplifies
the use of the CSP and the DSA techniques. It is presented on Fig. 16. The number of
species is reduced by the DRG prior to the CSP analysis. The number of reactions is
reduced by the CSP prior to the DSA.

4.2 Tar gasification mechanism simplification

The mechanism reduction module and the optimal combination of methods were used
for the reduction of the tar gasification mechanism. This mechanism describes the
transformation of the volatile compounds released from the coal after a rapid heating
into the synthesis gas. The synthesis gas is a fuel consisting primarily of CO and H2.
The tar is reacting with the oxygen and the water at the high temperature (∼1,200 K)
and pressure (∼10–30 atm.). The kinetic model of the process assumes that the main
component of the tar is an aromatic compound called dimethylnaphtalene. The gasi-
fication takes place in the mixture rich with water (50 %). Water is almost not being
consumed during the process due to the high concentration. The conversion time is the
period of time from the beginning of the process until the products concentrations have
achieved the equilibrium. The conversion time was chosen to be the target parameter,
which must be correctly described by the reduced mechanism. The detailed mecha-
nism consists of 879 reversible reactions and 177 species. The final skeletal mechanism
consists of 278 irreversible reactions and 83 species.

Simulations with the mechanism were performed in the calorimetric bomb reac-
tor model with constant pressure and temperature (CBR-PT). The temperature of the
process was varied in range 1,200–3,000 K, the pressure was fixed to 20 atm, the ini-
tial mixture in all simulations was the following: 3.68 % CO; 2.94 % CH4; 57.2 %
H2O; 1.77 % CO2; 1.52 % C4H8; 29.4 % O2; 1.77 % N2; 1.7 % dimethylnaphtalene
(CH3C10H6CH3). Such an initial mixture is emulating the initial mixture of the tar
gasification process. Description of the products final concentrations and the conver-
sion time with the accuracy of 10 % was the criterion for the simplification. Compari-
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Fig. 17 Concentrations profiles of products and reagents in tar gasification process in isothermal conditions
at temperatures a 1,500 K, b 2,000 K, c 3,000 K

son of the concentration profiles of the most important species is presented in Fig. 17.
According to the graphs, the conversion time is described within the specified margins
of error by the simplified mechanism.

The detailed mechanism of the tar gasification includes both reversible and irrevers-
ible elementary reactions. The rates of reversible reactions are usually significantly
lower than the rates of irreversible reactions since any reversible reaction can be sep-
arated into a pair of irreversible ones. Total rate of a reversible reaction is equal to
the balance between rates of these irreversible reactions. The difference between the
rates of reversible and irreversible reactions may reach several orders of magnitude
making them incommensurable. Therefore all of the reactions should be expressed in
a single form. Either a reversed process should be added to each irreversible reaction
or the reversible reactions should be divided into the pairs of irreversible reactions.
The second way was chosen in this work as the simpler one. The disadvantage of
this approach is that if only one irreversible reaction from the pair is excluded, the
thermodynamic equilibrium of the individual reversible elementary stage is broken.
Thus, errors in the description of the final concentrations of the species may arise.
Nevertheless, since the 10 % error in final concentrations was allowed, the reduction
was performed in this manner and significant simplification has been achieved.

In Fig. 18 the reduced mechanism accuracy versus number of reactions in the mech-
anism at the temperature of 1,200 K is presented. The Y axis on the graph corresponds
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Fig. 18 Dependence of accuracy of reduced mechanism as a function of reduction degree at 1,200 K

to the relative H2 conversion time error with respect to the detailed mechanism. The
X axis corresponds to the number of reactions. Intermediate simplified mechanisms
obtained by different methods are represented by the points on the graph. The methods
correspond to following colors:—the DRG is red, the CSP is blue, the DSA is green.
The values of the threshold parameters corresponding to the smallest mechanisms
achieved by each method are presented. The line corresponding to the DSA method
shows a characteristic feature of the mechanism reduction: the error increases abruptly
as the controlling parameter exceeds the critical value. At this moment a qualitative
change in the description of the process due to the exclusion of the important reactions
and species from the mechanism occurs. In order to achieve better reduction the error
tolerances have to be greater than the small error oscillations that occur during the
reduction.

At the temperature of 1,200 K the following reduction parameters values were used:
DRG: The threshold value was set to 0.2. The set of target species included prod-

ucts: CO, H2, CO2, H2O, CH4, C4H8, dimethylnaphtalene (CH3C10H6CH3), C9H9,
C6H5C2H2, O2, N2. All the time points of the solution were analyzed. The simplified
mechanism, elaborated by the DRG consists of 86 species and 948 reactions.

CSP: The critical time scale was set to 1 s. The threshold value was set to 0.001. The
same target species set as in the DRG was used. The simplified mechanism, obtained
after the CSP, consists of 86 species and 713 reactions. The number of species was
not reduced since the elimination of species was disabled in the implementation of the
program and replaced by the output of species transformation timescales.

DSA: The threshold value was set to 10. The simplified mechanism obtained after
the DSA consists of 83 species and 235 reactions.

The Jacobian matrix and the concentration sensitivity matrix were analyzed at the
following points of time: 10−2, 1, 10, 3× 104, and 105. Finally, the mechanism con-
sisting of 83 species and 235 reactions was obtained.

123



102 J Math Chem (2013) 51:73–107

1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
1

10

100

1000

10000

 common mechanism
 mechanism for 1200K

er
ro

r, 
%

Temperature, K

Fig. 19 Errors of reduced mechanisms at different temperatures

In order to obtain the mechanism for the temperatures in range 1,200–3,000 K
the high temperature reduced mechanism was obtained in similar manner at 3,000 K.
The high temperature reduced mechanism consists of 57 species and 153 reactions. The
number of the common species and reactions between the high temperature mechanism
and the low temperature mechanism is 43 species and 111 reactions. Several reactions
from the high temperature mechanism were added to the low-temperature mechanism
to form the general reduced mechanism. Specifically, those reactions involving only
the common species between the two mechanisms and absent in the low tempera-
ture mechanism were added. The resulting general mechanism consists of 83 species
and 278 reactions. The high temperature mechanism and the low temperature mech-
anism could also be merged however this would lead to a larger general mechanism.
Comparison of the low-temperature with the general reduced mechanism is presented
in Fig. 19. According to the graphs the process is described correctly by the low-
temperature reduced mechanism only at 1,200 K. On the other hand the process is
described correctly by the general reduced mechanism within the whole temperature
domain.

4.3 Reduction of methane combustion mechanism

The mechanism reduction was used for the reduction of the Konnov methane com-
bustion mechanism [33]. The Konnov methane combustion mechanism was reduced
from 127 species and 1206 reactions to 41 species and 173 reactions. The criterion for
the reduction was to reproduce the solution of the detailed mechanism at the initial
temperature 1,200 K. The maximum error tolerance for each target species trans-
formation timescale and the temperature change timescale was 1 %. The maximum
error tolerance for the final concentrations of the target species and the final temper-
ature was 1 %. The process was simulated in the stoichiometric methane–air mixture
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CH4:O2:N2= 1:2:4 at p= 1 atm in the calorimetric bomb reactor with constant volume
and no heat exchange with the external medium (CBR-VQ reactor model). The Jaco-
bian matrix was calculated in Calorimetric Bomb Reactor with Sensitivity (CRS-VQ)
reactor model.

At the temperature 1,200 K following reduction parameters values were used:
DRG: The threshold value was chosen to be 0.2. The set of target species was cho-

sen to be: CO2 H2O CH4 O2 CO H2 NO N2O. All the time points of the solution were
analyzed. The simplified mechanism, elaborated by the DRG consists of 52 species
and 507 reactions.

CSP: The critical time scale was chosen to be 0.001 s. The threshold value was
chosen to be 0.0001. The same target species set as in the DRG was used. The simpli-
fied mechanism, obtained after the CSP, consists of 52 species and 181 reactions. The
number of species was not reduced since the elimination of species was disabled in
the implementation of the program and replaced by output of species transformation
timescales.

DRG: The threshold value was chosen to be 0.1. The same target species set as in
the DRG was used. The simplified mechanism obtained after the second DRG consists
of 41 species and 173 reactions.

The Jacobian matrix was analyzed in the CSP at the following points of time:
10−7, 10−6, 10−5, 10−4, 2×10−4, 3×10−4, 7×10−4, 10−3, 3×10−3, 4×10−3, 5×
10−3, 6 × 10−3, 7 × 10−3, 8 × 10−3, 9 × 10−3, 10−2, 1.2 × 10−2, 2 × 10−2, 5 ×
10−2, 10−1. Finally, the mechanism consisting of 83 species and 235 reactions was
obtained.

The resulting reduced mechanism accurately describes the induction time at the
temperatures 1,000–2,000 K and the pressure 1 atm in the stoichiometric methane–air
mixture CH4:O2:N2 = 1:2:4. The time profiles of the temperature and the target spe-
cies are also described accurately. It should be noticed that the methane combustion
is accurately described in the whole range of initial temperatures of 1,000–2,000 K
by the single mechanism obtained at the initial temperature value of 1,200 K in the
CBR-VQ reactor model.

The time profiles of the target species concentrations obtained on the different
stages of the reduction at the initial temperature 1,200 K are presented on the Fig. 20.
Figure 20a gives the comparison of the simulations results obtained with the first
preliminary mechanism (DRG1) with the results obtained with the detailed mecha-
nism. In the same manner comparison of the results obtained with the second pre-
liminary mechanism (CSP) and the final reduced mechanism (DRG2) with the results
obtained using the detailed mechanism is presented in Fig. 20b, c. According to the
graphs final concentrations of the target species are described exactly at each stage.
The timescales of the key concentrations change are described well on each stage of
the reduction and fit into the 1 % error tolerance compared to the detailed mecha-
nism.

The temperature profiles at different initial temperatures are presented in Fig. 21a,
b, c. Comparison of the temperature time profiles corresponding to the mechanisms
obtained on each stage of the reduction with the temperature profiles obtained with
the detailed mechanism is given. The dotted lines correspond to the detailed mecha-
nism; the reduced mechanism corresponds to the solid lines. According to the graphs,
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Fig. 20 Concentrations profiles of key species at initial temperature 1,200 K at different stages of the
reduction: a DRG1, b CSP, c DRG2

final temperature is described exactly by each reduced mechanism. Despite the minor
discrepancies, the induction time according to the temperature time-derivative maxi-
mum is described well by the final reduced mechanism and fits into the specified 1 %
error.

Figure 22 presents temperature dependence of the induction time calculated at dif-
ferent stages of the reduction. According to this picture, the induction time is described
within 1 % error by each reduced mechanism throughout the whole temperature range
1,000–2,000 K. Despite the minor discrepancies at high temperatures, the temperature
change timescale is described well by the final reduced mechanism (DRG2) and fits
into the specified error margin.

Summary of the results is presented in Table 2 and Table 3 given in supplementary
electronic materials (Online resource 1). Table 2 presents the initial set of species in the
detailed mechanism and their presence or absence in the reduced mechanism at each
stage by “+” or “−” sign correspondingly. Summary of the reaction list is presented
in Table 3.

5 Conclusions

The module for kinetic mechanisms reduction was elaborated in this work and inte-
grated into the Chemical Workbench environment for physical and chemical modeling.
Systematical approach to the development of simplified kinetic models by means of
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Fig. 21 Temperature profiles at different initial temperatures and different stages of the reduction: a DRG1,
b CSP, c DRG2
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Fig. 22 Induction time versus initial temperature at different stages of the reduction
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10 reduction techniques was developed. The module allows simplification of kinetic
mechanisms by combinations of methods. The results of kinetic simulations obtained
with the detailed mechanism are used for the reduction. Kinetic simulations can be
reproduced with the reduced mechanism and compared with the results obtained with
the detailed mechanism.

The next step in the automation of the mechanisms reduction will be the auto-
matic choice of methods for the reduction and automatic selection of the controlling
parameters values of the methods based on the definition of physical reduction criteria
given by the user. The physical reduction criteria could include error tolerances for
the induction time, final concentrations of the important species, the final temperature.
The module should automatically call the kinetic calculations in CWB and compare
the accuracy of the reduced mechanism against the detailed one.
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