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ABSTRACT 

Peukert et al. recently published (Int. J. Chem. Kinet. 2010; 43: 107-119) the results of a series of shock tube 

measurements on the thermal decomposition of cyclohexane (c-C6H12) and 1-hexene (1-C6H12). The 

experimental data included 16 and 23 series, respectively, of H-atom profiles measured behind reflected shock 

waves by applying the ARAS technique (temperature range 1250–1550 K, pressure range 1.48–2.13 bar). 

Sensitivity analysis carried out at the experimental conditions revealed that the rate coefficients of the following 

six reactions have a high influence on the simulated H-atom profiles: R1: c-C6H12 = 1-C6H12, R2: 1-C6H12 = 

C3H5 + C3H7, R4: C3H5 = aC3H4 + H; R5: C3H7 = C2H4 + CH3; R6: C3H7 = C3H6 + H; R8: C3H5 + H = C3H6. 

The measured data of Peukert et al. were re-analysed together with the measurement results of Fernandes et al. 

(J. Phys. Chem. A 2005; 109: 1063-1070) for the rate coefficient of reaction R4, the decomposition of allyl 

radicals. The optimization resulted in the following Arrhenius parameters: R1: A= 2.441×1019, E/R= 52820; R2: 

A= 3.539×1018, E/R= 42499; R4: A= 8.563×1019, n= –3.665, E/R= 13825 (high pressure limit); R4: 

A= 7.676×1031 n= –3.120, E/R= 40323 (low pressure limit); R5: A= 3.600×1012, E/R= 10699; R6: 

A= 1.248×1017, E/R= 28538; R8: A= 6,212×1013, E/R= –970. The rate parameters above are in cm3, mol, s, and 

K units. Data analysis resulted in the covariance matrix of all these parameters. The standard deviations of the 

rate coefficients were converted to temperature dependent uncertainty parameter f(T). These uncertainty 

parameters were typically f = 0.1 for reaction R1, f = 0.1–0.3 for reaction R2, below 0.5 for reaction R8 in the 

temperature range of 1250–1380K, and above 1 for reactions R4, R5, and R6. 
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Highlights 
 

• Recent experimental data obtained in shock tube measurements by Peukert et al. (2010) and Fernandes 

et al. (2005) were re-analysed. 

• Arrhenius parameters belonging to six important reactions of transportation fuel combustion were 

determined. 

• The data analysis provided the covariance matrix of the Arrhenius parameters and the uncertainty 

parameter − temperature functions of the rate coefficients. 
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1. Introduction 
 

Practical transportation fuels (e.g. diesel, kerosene) contain a large number of species (up to several 

thousands) [1]; consequently, it is not possible to develop detailed chemical kinetic mechanisms describing the 

combustion in detail for all these fuel molecules. Surrogate fuel mixtures are defined in such a way that these 

mixtures well reproduce the major chemical properties (e.g. ignition time, flame velocity) [2] and/or the 

physical properties (e.g. viscosity, vapour pressure) of real fuels. Surrogate fuels with well defined composition 

are also needed to make the engine experiments reproducible. Surrogate fuel mixtures often include 

cyclohexane and 1-hexene, as representatives of cycloalkanes and alkenes [3].  

The thermal decomposition of cyclohexane gives solely 1-hexene, while the decomposition of 1-hexene 

yields allyl and n-propyl radicals  

 

c-C6H12 → 1-C6H12                   (R1) 

1-C6H12 → C3H5 + C3H7                 (R2) 

 

These two reactions are important steps of the combustion mechanism of surrogate fuels containing 

cyclohexane and 1-hexene. 

Recently, Peukert et al. [4] investigated experimentally the formation of H-atoms in the pyrolysis of 

cyclohexane and 1-hexene by applying the shock tube technique combined with the ARAS-technique (atomic 

resonance absorption spectroscopy). They proposed a detailed chemical kinetic reaction model for reproducing 

the measured H-atom absorption profiles. One of the major steps of their reaction model is the decomposition of 

the allyl radical to allene and hydrogen atom: 

 

C3H5 = aC3H4 + H                    (R4) 

 

The numbering of the reactions in this article is in accordance with that of the paper of Peukert et al. [4]. 

Reaction R4 had been investigated by Fernandes et al. [5] by shock tube experiments coupled with H-ARAS as 

detection method. They performed a series of experiments for pressures near 0.25, 1, and 4 bar using Ar and N2 

as bath gases. The experiments covered temperatures ranging from 1125 K up to 1570 K. 

Turányi and co-workers recently suggested [6] a new approach for the determination of the rate parameters 

of kinetic reaction mechanisms, by fitting several rate parameters simultaneously to a large amount of 
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experimental data. This method was used in the present work to extract more information from the experimental 

data of Peukert et al. [4] and Fernandes et al. [5]. 

The methodology used here has some similarities with that of Sheen and Wang [7]. These authors 

investigated n-heptane combustion by evaluating multispecies signals measured in shock tube experiments, 

together with the results of other indirect measurements, like laminar flame velocity and ignition delay time. 

There are, however, significant differences between the two methods. For example, Sheen and Wang optimized 

A-factors only and did not utilize the results of direct measurements. 

According to our procedure, rate parameters were obtained for several elementary reactions of the 

cyclohexane and 1-hexene thermal decomposition reaction systems. We have exploited the good feature of our 

method that experimental data of very different types can be interpreted simultaneously. The obtained rate 

parameters have not been determined previously in this temperature and pressure range. Also, the analysis 

resulted in a detailed characterization of the correlated uncertainty of all obtained Arrhenius parameters. 

 

 

2. Overview of the experimental results 
 

Peukert et al. [4] investigated the decomposition of cyclohexane (c-C6H12) and 1-hexene (1-C6H12) in shock 

tube experiments. Gas mixtures of 1.1 – 2.0 ppm cyclohexane and 1.0 – 2.4 ppm 1-hexene, respectively, diluted 

with Ar were used. Time-resolved H-atom absorption − time profiles were measured behind reflected shock 

waves. For cyclohexane, 16 H-profiles were collected over a temperature range of 1305–1554 K at pressures 

ranging from 1.68 to 2.13 bar. The 23 H-atom profiles obtained from the 1-hexene experiments were measured 

at temperatures between 1253 and 1398 K and pressures between 1.48 and 2.02 bar. Peukert et al. 

recommended a 13-step reaction model, which is listed in Table 1. They stated that this mechanism is sufficient 

for the interpretation of their cyclohexane and 1-hexene experimental results.  

Peukert et al. assigned the rate parameters of all reactions, besides those of reaction R2, to the best available 

literature values. These Arrhenius parameters, together with their references, are given in Table 1. Peukert et al. 

fitted the rate coefficient of reaction R2 in each 1-hexene experiment separately, till the best reproduction of the 

H-atom profile. In the next step, the temperature − rate coefficient data pairs were used to obtain Arrhenius 

parameters A and E. These Arrhenius parameters for reaction R2 are also given in Table 1. The cyclohexane 

decomposition measurements have not been used for fitting the Arrhenius parameters of reaction R1, because 

the measured H-profiles of the cyclohexane series could be reproduced by using the rate parameters suggested 

by Tsang [8]; for details see Peukert et al. [4]. 
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According to their analysis, the formation of H-atoms observed in these shock tube experiments is almost 

entirely a result of the dissociation of allyl radicals to allene and H-atoms (R4); therefore the rate coefficient of 

this reaction is assumed to be of dominant importance for the interpretation of the experiments. Fernandes et al. 

[5] recently measured the rate coefficient of this reaction and derived three Arrhenius expressions, 

recommended for pressures 0.25 bar, 1 bar, and 4 bar. Unfortunately, these pressures are not very close to the 

pressures of the Peukert et al. experiments (1.48 – 2.13 bar). Peukert et al. used [4] the following reasoning: 

„Our experiments were carried out at pressures around 2 bar. The rate coefficient values of the 1 and 4 bar 

experiments approximately differ by a factor of 2. Therefore, we used the rate coefficient expression for 1 bar 

and increased the pre-exponential factor A by 1.6”. The Arrhenius parameters they used, attributed to 2 bar, are 

given in Table 1. The drawback of the application of a single Arrhenius expression valid at 2 bar is that in the 

Peukert’s experiments the pressure was varied between 1.48 and 2.13 bar. 

As a first step of the re-analysis of the data, all experimental data files were converted to the PrIMe format 

[9]. This is an XML data format that was designed to be a universally applicable definition of combustion 

related experiments. Then, the Matlab utility code of Varga et al. [10] was used. This program is able to read 

and interpret PrIMe datafiles, invoke the corresponding simulation code of CHEMKIN-II [11] or Cantera [12], 

and present the results. In this case, the SENKIN simulation code [13] was used for the calculation of 

concentration profiles. The sensitivities were determined using a brute force method by multiplying the 

A factors with 0.5 and calculating the local sensitivity coefficients by finite difference approximation. The 

calculation of the sensitivity coefficients was repeated with multiplication factors 1.01 and 1.5, and the 

calculated sensitivity results were very similar. To get a comprehensive picture, the maximum of the absolute 

sensitivity value was taken for each reaction and all sensitivity coefficients were normalized to the largest one 

in each experiment. The results of the sensitivity analysis are presented in Table 2. 

According to this sensitivity analysis, the calculated H-atom concentrations were sensitive to the rate 

coefficients of the following six reactions: R1: c-C6H12=1-C6H12; R2: 1-C6H12 = C3H5 + C3H7; R4: C3H5 = C3H4 

+ H; R5: C3H7 = C2H4 + CH3; R6: C3H7 = C3H6 + H; R8: C3H5 + H = C3H6. For the cyclohexane decomposition 

experiments, the most sensitive reactions were R1, R2, and R4 – R6; while for the 1-hexene decomposition 

experiments, the most sensitive reactions were R2, R4 – R6, and R8. 

Fernandes et al. [5] listed the measured kuni rate coefficients, belonging to various pressures (0.28 – 0.38 bar, 

1.23 – 1.29 bar, and 4.21 – 4.56 bar) and temperatures (1123 K – 1567 K). They interpreted these experimental 

data on the basis of the RRKM theory. 

In the present work, we have fitted the experimentally determined kuni rate coefficients (40 values) of 

Fernandes et al. using the Lindemann scheme (see e.g. [14], and the SENKIN manual [13]). The fitting resulted 

in the following rate parameters for reaction R4: high pressure limit A = 9.759×1016, n = –2.826, E/R = 12,670; 

low pressure limit A = 2.0390×1035, n = –4.180, E/R = 40926; the units are cm3, s, and K. The average root-
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mean-square error of the fit was 18.86 %. We also tried to approximate the kuni values by not only the high and 

low pressure Arrhenius parameters, but also a temperature independent Fcent parameter. Using this 7-parameter 

description instead of the 6-parameter (Lindemann) parameterization did not decrease significantly the root-

mean-square error. Therefore, we concluded that the 6-parameter Lindemann scheme is sufficient for the 

approximation of the experimental kuni values of Fernandes et al.. 

In order to enlarge the experimental data basis, a literature survey was carried out to find more direct 

measurements to the reactions listed in Table 1. Unfortunately, very few direct measurements have been 

published for these reactions [15-24]. In principle, in these experiments the elementary reactions were 

investigated in a very different range of temperature and pressure. Typically, if the pressure was around 1 to 2 

atm, then the temperature was much lower (500–900 K). Alternatively, the high temperature (900–2000 K) 

experiments were associated with very low pressure, usually below 5 Torr. Therefore, it was not possible to 

include further experimental data in our analysis. 

 

 

3. Methods of kinetic parameter estimation 
 

The new method recently suggested by Turányi et al. [6] has the following features: 

(i) Direct and indirect measurements are considered simultaneously. In the direct kinetic measurements, 

the rate parameters of a single elementary reaction step are determined. In the recent publications, the 

measured rate coefficients are listed together with the experimental conditions (e.g. temperature, 

pressure, bath gas). The results of indirect experiments can be interpreted only via simulations using a 

complex reaction mechanism. Examples for indirect measurement data are concentration profiles 

determined in a shock tube or tubular reactor, or measured laminar flame velocities. 

(ii) The sensitivities of the simulated values corresponding to the measured signal in the indirect 

experiments with respect to the rate parameters are calculated. This sensitivity analysis is used for the 

identification of the rate parameters to be optimized. Experimental rate coefficients determined in 

direct experiments belonging to the highly sensitive reactions are collected. 

(iii) The domain of uncertainty of the rate parameters is determined on the basis of a literature review. 

(iv) The optimized values of the rate parameters of the selected elementary reactions within their domain 

of uncertainty are determined using a global nonlinear fitting procedure. 
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The following objective function is used in our calculations: 
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where p=(p1, p2,…,
pnp ) is the vector of parameters. Parameter vector p includes the Arrhenius parameters of 

the selected reactions and it may contain other rate parameters such as branching ratios, third body efficiencies, 

parameters describing the pressure dependence (e.g. Troe or SRI parameters), thermodynamic data, etc.. The 

published results of direct measurements include rate coefficients k measured at given conditions (e.g. 

temperature, pressure, and bath gas). In the case of indirect measurements, the results are data such as ignition 

delay times and/or laminar flame velocities. In equation (1), N is the number of measurement series (direct and 

indirect together), and Ni is the number of data points in the ith measurement series. Value 
exp
ijy is the jth data 

point in the ith measurement series. The corresponding modeled value )(mod
ij py  for parameter set p can be 

obtained by calculating the rate coefficient at the given temperature (and pressure, bath gas etc.), or by carrying 

out a simulation with combustion kinetic codes using an appropriate detailed mechanism. 

The form of the objective function includes automatic weighting according to the number of data points and 

the standard deviation of the data )( exp
ijYσ . Additional individual weighing wi of the ith measurement series can 

also be taken into account according to the consideration of the user. Users of the method might want to 

emphasize some measurements or decrease the weight of others.  

The objective function can be transformed into a simpler form by introducing a single index k which runs 

through all data points of all measurement series. A new unified weight µk = wk/Nk is used for each data point, 

which further simplifies the objective function: 
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This equation can be condensed by introducing matrix−vector notation: 

( ) ( ) ( )expmod
1T

expmod )()( YpYWΣYpYp Y −−= −E . (3) 

Here Ymod(p) and Yexp denote the column vectors formed from values of )(mod
k pY  and 

exp
kY . 

( )Tmod
N

mod
1mod )()()( pppY YY = ,   ( )Texp

N
exp

1exp YY =Y . (4) 

Matrices W and ΣY are the diagonal matrices of weights µk and variances )( exp
k

2 Yσ .  

The covariance matrix of the fitted parameters Σp was estimated using the following equation: 
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where T
Δ YYΣ ∆∆≈ , expmod YYY −≈∆ . This equation has been derived in ref. [6]. Here J0 is the derivative matrix 

of Ymod with respect to p at the optimum. 

The diagonal elements of matrix pΣ are the variances of parameters ( )ip2σ . The off-diagonal elements are 
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ji ppr ,  can be calculated from the off-

diagonal element and the standard deviations: 
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Covariances of the logarithm of the rate coefficients at temperature T can be calculated [6] in the following 

way: 

( ) ( )( ) ΘΣΘ pp ji ,
T

ji ln,lncov =TkTk .  (7) 

Here { } T1) ,ln ,1(: −−= TTΘ , T
i )E , ,(ln: RnA iii =p , and ji ppΣ ,  denotes a block of matrix Σp that contains 

the covariances of the Arrhenius parameters of reactions i and j. Equation (7) provides variance ( )( )Tki
2 lnσ    if 

i = j.  

In high-temperature gas kinetics, the uncertainty of the rate coefficient at given temperature T is usually 

defined by uncertainty parameter f in the following way: 

( ) ( ) ( )( ) ( ) ( )( )TkTkTkTkTf 0max
10

min0
10 loglog == , (8) 

where 0k  is the recommended value of the rate coefficient and values below mink  and above maxk  are 

considered to be very improbable. Assuming that the minimum and maximum values of the rate coefficients 

correspond to σ3  deviations from the recommended values on a logarithmic scale, uncertainty f can be obtained 

[25] at a given temperature T from the standard deviation of the logarithm of the rate coefficient using the 

following equation: 

( ) ( ) ( )kkTf ln
10ln
3log3 10 σ=σ= . (9) 

 

Using ( )klnσ  calculated by equation (7), the f(T) function obtained has a statistical background and it is 

deduced from experimental data. 
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4. Estimation of rate parameters based on all experimental data 
 

Application of objective function (1) requires the estimation of the variance of the data points. In our 

calculations, 7-16 % relative standard deviation was assumed for the data points of the 1-hexene experiments 

[4], 6-56 % for the data points of the cyclohexane experiments [4]. These standard deviation values were 

different for each measurement; they were determined from the scatter of the measured H-atom concentrations. 

The individual standard deviation belonging to each experimental data set is given in the last column of Table 2. 

For the experiments of Fernandes et al. [5], 20% relative standard deviation was assumed based on the scatter of 

the data, which is in good accordance with the error of the Lindemann fitting. 

The process of parameter optimization can be followed in Table 3. The reaction model of Peukert et al., 

using their rate parameters is given in the 3rd column of Table 1. Using these rate parameters, the 1-hexene 

experiments are well described (the objective function value is 118). The agreement of the modelled results 

with the experimental data can be characterized by the value of the objective function (1). For the cyclohexane 

experimental data, the agreement is also good (objective function value 463); the model also performed well 

when both experimental datasets − 1-hexene and cyclohexane − were included in the objective function (581). 

As the reaction model of Peukert et al. includes a single Arrhenius expression for reaction R4, attributed to 

pressure 2 bar, of course their reaction model can be used neither for the description of the Fernandes 

experiments, nor for the cases when the two types of experimental data are considered together.  

The initial mechanism of our optimization is identical to the published Peukert mechanism, except for the 

rate parameters of reaction R4 and R8. For reaction R8, an equivalent two parameter Arrhenius was used 

instead of the original three parameter expression (A= 2.345×1014, E/R= 193.26). In our initial mechanism, the 

Lindemann expression was used for the description of reaction R4 based on the Fernandes data only (for the 

values of the Arrhenius parameters see above). These rate parameters result in a very good description of the 

Fernandes’ experiments (objective function value 9), but spoiled the agreement with all the Peukert 

experimental data (the objective function value is 878).  

Therefore, the initial mechanism was improved by fitting the Arrhenius parameters of all the highly sensitive 

reactions, which means 16 Arrhenius parameters in total. This seems to be a large number of simultaneously 

fitted parameters, but the fitting is based on also a large number of experimental data. The Peukert et al. 

experiments contain 39 concentration profiles with 1000 data points each (39000 data points). The Fernandes et 

al. experiments provided additional 40 data points for the determination of the temperature and pressure 

dependence of reaction R4. The number of datasets, N, was 40. If all data series had equal weight, it would have 

resulted in the Fernandes’ data very little (1/40) contribution. Therefore, wi = 10 weighting was used for the 

Fernandes et al. data series, which increased its contribution to about one fifth. 
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In the optimization, all cyclohexane and 1-hexene measurements of Peukert et al. [4] and the experiments of 

Fernandes et al. [5] were considered. In a Monte Carlo sampling, the Arrhenius parameters of five sensitive 

reactions (R2, R4 – R6, and R8) were varied independently in such a way that all rate coefficients changed ± 

one magnitude. 250 parameter sets were generated, the objective function was evaluated for each parameter set, 

and the best parameter set was selected. Starting from this parameter set, in fifty iteration cycles the parameter 

space was explored in narrower regions in a similar way and the best parameter set was accepted as the final 

one. As a result of the optimization, the reproduction of the Peukert et al. data improved dramatically (the value 

of the objective function decreased from 878 to 482), while the agreement with the Fernandes et al. 

experimental data remained good (9 to 10). The obtained optimized Arrhenius parameters are given in Table 1. 

As Table 3 shows, using all available experimental data for the optimization kept the good description of the 

1-hexene measurements and the experiments of Fernandes et al. [5], while at the same time, it improved the 

description of the cyclohexane experiments. As examples, Figures 1 and 2 show the data points belonging to 

one 1-hexene and one cyclohexane experiments, respectively. Each figure presents two simulated concentration 

curves, one calculated with the initial mechanism and another one using the final parameter set. Figure 3 

presents the results of the Fernandes et al. experiments and the calculated kuni values, when the rate parameters 

of the Lindemann scheme are fitted to the Fernandes’ experimental data points and the kuni values calculated 

from the rate parameters of reaction R4 of the final parameter set. 

Figure 4 shows the temperature dependence of the rate coefficients of the investigated reactions in Arrhenius 

plots. It is clear that the optimization changed the rate coefficient–temperature functions of all reactions and not 

only shifted the lines, but changed their slope, too. 

Using equations (5) and (6) the covariance and correlation matrices, respectively, were calculated in the 

optimum. Tables S1 and S2 of the Electronic Supplement present these matrices. It is not easy to overview the 

covariance matrix, but this is the information that should be used in a detailed uncertainty analysis, that takes 

into account also the correlation of the rate parameters. The correlation matrix shows that there is a high 

correlation between all parameters. Not only the A − E/R parameter pairs are highly correlated, but also each 

other pairs of parameters. 

The traditional characterization of the uncertainty of the rate coefficients using equation (8) is not 

informative enough, because it describes the uncertainty of each rate coefficient separately. However, the 

chemical kinetic databases use this type of uncertainty characterization. Therefore, we also calculated the 

temperature dependent uncertainty parameters from the standard deviations of the logarithm of the rate 

coefficients using equation (9). Figure 5 shows that reaction R1 has extremely low uncertainty; the uncertainty 

parameter is temperature dependent and it has a minimum near 1430 K. The value of the uncertainty parameter 

is around 0.1, which means that the corresponding rate coefficient is well known. Reactions R2 and R8 have 
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middle level uncertainty (f = 0.1–0.3 for reaction R2, below 0.5 for reaction R8 in the temperature range of 

1250–1380K). The uncertainty of the other determined rate coefficients is quite large, above 1. 

 

 

5. Conclusions 
 

The experimental data such as concentration profiles obtained in shock tube experiments are usually 

interpreted by using a detailed reaction mechanism. The rate parameters of all reactions but one are assigned to 

literature values and the rate parameters of a single reaction are fitted to reproduce the experimental data. The 

requirements for the selection of this reaction step is that the simulated signal at the conditions of the 

experiments should be very sensitive to the corresponding rate parameters, and also, these rate parameters 

should be the least known (most uncertain) from all the highly sensitive parameters. 

In the present paper, an alternative approach was used which is generally applicable for the interpretation of 

indirect measurements. The most sensitive reactions are identified at the experimental conditions. Results of 

direct measurements (measured rate coefficients at various temperatures and pressures) belonging to the highly 

sensitive reactions are collected. The rate parameters of all highly sensitive reactions are fitted simultaneously 

to all available (direct and indirect) experimental data. This parameter optimization is possible, if the objective 

function handles all available experimental data in a similar way and if the fitting procedure explores the whole 

physically realistic domain of the rate parameters. The great advantage of this approach is that the determined 

parameters depend very little on the assumed values of the not fitted rate parameters. 

In this article, this approach was demonstrated on the re-evaluation of the 1-hexene pyrolysis measurements 

(23 data sets) and the cyclohexane pyrolysis measurements (16 data sets) of Peukert et al. [4]. The direct 

measurements of Fernandes et al. [5] for the determination of the temperature and pressure dependence of the 

rate coefficient of the decomposition reaction of the allyl radical to allene and hydrogen atom (R4) were also 

taken into account. In total, 16 rate parameters of the following six reaction steps were determined: R1: c-C6H12 

= 1-C6H12, R2: 1-C6H12 = C3H5 + C3H7, R4: C3H5 = aC3H4 + H, R5: C3H7 = C2H4 + CH3, R6: C3H7 = C3H6 + H, 

R8: C3H5 + H = C3H6. The uncertainty parameters were typically f = 0.1 for reaction R1, f = 0.1–0.3 for reaction 

R2, below 0.5 for reaction R8 in the temperature range of 1250–1380K, and above 1 for reactions R4, R5, and 

R6. This means that the newly determined rate parameters are reliable for reactions R1 and R2. It is acceptable 

for reaction R8 at temperatures near 1300 K and pressures above 1 atm. The new rate coefficients for the other 

reactions are the best fit for these experiments, but due to their large f uncertainty parameters they cannot be 

considered as new recommendations. The statistical based, temperature dependent characterization of the 

uncertainty of the rate parameters is a novelty of our approach. Except for reaction R4, the rate parameters of 
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these reactions have not been measured in the temperature range 1250–1550 K and pressure range 1.48–2.13 

bar. This temperature and pressure region is close to the one of the practical combustion applications. 
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Table 1 

The mechanism used for the interpretation of the cyclohexane and 1-hexene pyrolysis experiments. 

 

 Reaction 
Arrhenius parameters used by 

Peukert et al. [4] 

Optimized Arrhenius parameters 

(see text) 

  A n E/R Ref. A n E/R 

R1 c-C6H12 = l-C6H12 5.0×1016 0 44483 [8] 2.441×1019 0 52820 

R2 1-C6H12 = C3H5 + C3H7 2.3×1016 0 36672 [4] 3.539×1018 0 42499 

R3 l-C6H12 = 2C3H6 4.0×1012 0 28867 [8] − − − 

R4 

C3H5 = aC3H4 + H 

p= 2 atm 8.5×1079 -19.29 47979 [5] a − − − 

C3H5 = aC3H4 + H 

high pressure limit 
− − −  8.563×1019 –3.665 13825 

C3H5 = aC3H4 + H 

low pressure limit 
− − −  7.676×1031 –3.120 40323 

R5 C3H7 = C2H4 + CH3 1.8×1014 0 15751 [26] 3.600×1012 0 10699 

R6 C3H7 = C3H6 + H 6.9×1013 0 18872 [26] 1.248×1017 0 28538 

R7 C3H5 + H = aC3H4 + H2 1.8×1013 0 0.0 [27] − − − 

R8 C3H5 + H = C3H6 5.3×1013 0.18 -63 [28] 6.212×1013 0 –970 
R9 aC3H4 = pC3H4 1.1×1014 0 32355 [29] − − − 

R10 aC3H4 + H→pC3H4 + H 4.0×1017 0 2560 [30] − − − 

R-10 pC3H4 + H→aC3H4 + H 1.9×1014 0 3090 [32] − − − 

R11 aC3H4 + H = C3H3 + H2 4.0×1014 0 7500 [30] − − − 

R12 pC3H4 + H = C3H3 + H2 3.4×1014 0 6290 [31] − − − 

R13 pC3H4 + H = C2H2 + CH3 3.1×1014 0 4010 [31] − − − 

Rate coefficients in the form k(T ) = A T n exp(−Ea/RT) in cm3, mol, s, and K units. 
a Pre-exponential factor A of the 1 bar expression of Fernandes et al. [5] has been increased by 1.6.  
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Table 2 

The maximum values of the absolute sensitivities in the time domain 0–1.0 ms, normalized to the largest 

sensitivity value in each experiment. Sensitivities larger than 0.1 are indicated by bold. The last column shows 

the assumed relative standard deviation of the data points in each series of experiments. These values were used 

for the evaluation of objective function (1). 
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 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R-10 R11 R12 R13  

21 0.50 0.50 0.02 0.40 1.00 0.50 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 55.8 

22 0.52 0.52 0.02 0.40 1.00 0.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 55.4 

23 0.50 0.50 0.02 0.39 1.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 27.0 

24 0.54 0.54 0.02 0.42 1.00 0.54 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 12.4 

25 0.52 0.52 0.02 0.40 1.00 0.52 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 11.2 

26 0.52 0.52 0.02 0.40 1.00 0.52 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 11.1 

27 0.54 0.54 0.02 0.42 1.00 0.54 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 11.4 

28 0.55 0.55 0.02 0.42 1.00 0.55 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 11.6 

29 0.54 0.54 0.02 0.42 1.00 0.54 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 8.48 

30 0.55 0.55 0.02 0.42 1.00 0.55 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 9.12 

31 0.54 0.54 0.02 0.42 1.00 0.54 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 7.86 

32 0.55 0.55 0.02 0.42 1.00 0.55 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 6.35 

33 0.56 0.56 0.02 0.43 1.00 0.56 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 6.83 

34 0.56 0.56 0.02 0.43 1.00 0.56 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 8.87 

35 0.56 0.56 0.01 0.42 1.00 0.56 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 6.56 

36 0.56 0.56 0.01 0.42 1.00 0.56 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 7.85 

40 0.00 0.55 0.01 0.44 1.00 0.55 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 16.3 

41 0.00 0.55 0.07 0.45 1.00 0.55 0.01 0.09 0.00 0.00 0.00 0.00 0.00 0.00 15.4 

42 0.00 0.55 0.01 0.45 1.00 0.55 0.01 0.09 0.00 0.00 0.00 0.00 0.00 0.00 16.2 

43 0.00 0.55 0.01 0.45 1.00 0.55 0.01 0.15 0.00 0.00 0.00 0.00 0.00 0.00 15.6 

44 0.00 0.55 0.01 0.45 1.00 0.55 0.01 0.14 0.00 0.00 0.00 0.00 0.00 0.00 12.8 

45 0.00 0.55 0.02 0.45 1.00 0.55 0.01 0.11 0.00 0.00 0.00 0.00 0.00 0.00 12.1 

46 0.00 0.55 0.02 0.45 1.00 0.55 0.01 0.17 0.00 0.00 0.00 0.00 0.00 0.00 11.0 

47 0.00 0.55 0.02 0.45 1.00 0.55 0.02 0.21 0.00 0.00 0.00 0.00 0.00 0.00 11.0 

48 0.00 0.55 0.02 0.45 1.00 0.55 0.01 0.17 0.00 0.00 0.00 0.00 0.00 0.00 9.99 
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49 0.00 0.55 0.02 0.44 1.00 0.55 0.01 0.13 0.00 0.00 0.00 0.00 0.00 0.00 9.22 

50 0.00 0.55 0.02 0.44 1.00 0.55 0.01 0.08 0.00 0.00 0.00 0.00 0.00 0.00 12.9 

51 0.00 0.55 0.02 0.44 1.00 0.55 0.01 0.08 0.00 0.00 0.00 0.00 0.00 0.00 10.2 

52 0.00 0.55 0.02 0.44 1.00 0.55 0.01 0.12 0.00 0.00 0.00 0.00 0.00 0.00 10.7 

53 0.00 0.55 0.02 0.45 1.00 0.55 0.01 0.18 0.00 0.00 0.00 0.00 0.00 0.01 8.21 

54 0.00 0.55 0.02 0.44 1.00 0.55 0.01 0.08 0.00 0.00 0.00 0.00 0.00 0.00 12.5 

55 0.00 0.55 0.02 0.45 1.00 0.55 0.01 0.17 0.00 0.00 0.00 0.00 0.00 0.01 8.80 

56 0.00 0.55 0.02 0.45 1.00 0.55 0.01 0.19 0.00 0.00 0.00 0.00 0.00 0.01 9.67 

57 0.00 0.55 0.02 0.44 1.00 0.55 0.01 0.11 0.00 0.00 0.00 0.00 0.00 0.00 10.4 

58 0.00 0.55 0.02 0.44 1.00 0.55 0.01 0.07 0.00 0.00 0.00 0.00 0.00 0.00 11.6 

59 0.00 0.55 0.02 0.45 1.00 0.55 0.01 0.17 0.00 0.00 0.00 0.00 0.00 0.01 8.24 

60 0.00 0.56 0.02 0.45 1.00 0.56 0.01 0.17 0.01 0.00 0.00 0.00 0.00 0.01 9.30 

61 0.00 0.56 0.02 0.44 1.00 0.56 0.01 0.10 0.00 0.00 0.00 0.00 0.00 0.01 7.61 

62 0.00 0.56 0.02 0.44 1.00 0.56 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.01 12.4 
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Table 3 

The values of the objective function (see eq. (1)) in the various rounds of optimization. 
 

Experimental data 
considered 

Peukert et al. 
mechanism [4] 

Initial 
mechanism 

Mechanism 
after the 

optimization 
Fernandes only [5] N/A 9.0 9.9 
1-hexene only [4] 118.4 220.5 153.4 

cyclohexane only [4] 462.9 657.0 325.0 
cyclohexane+1-hexene [4] 581.4 877.5 482.4 

all experimental data N/A 886.5 492.3 
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Fig. 1. Measured H-atom concentrations in one of the 1-hexene experiments (1-C6H12 concentration = 
1.3 ppm, p = 1.86 bar, T = 1260 K) and the simulation results using the initial mechanism (blue dashed 
line) and the final optimized mechanism (red solid line) 
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Fig. 2. Measured H-atom concentrations in one of the cyclohexane experiments (c-C6H12 concentration 
= 2.0 ppm, p = 1.68 bar, T = 1462 K) and the simulation results using the initial mechanism (blue 
dashed line) and the final optimized mechanism (red solid line). 
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Fig. 3. Results of the Fernandes et al. experiments [5] (black full circles) and the calculated kuni values, when 
the rate parameters of the Lindemann scheme are fitted to these experiments only (blue open triangles) and 
using the parameters fitted to all experimental data (red open squares).  
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Fig. 4. Arrhenius plots of the rate coefficients investigated in the work. The solid red line is the optimized rate 
coefficient and the dashed blue line corresponds to the values used by Peukert et al. [4]. The figure in panel 
belonging to R4 contains also the high pressure limit and kuni belonging to 2 bar, as determined from fitting to 
the Fernandes et al. [5] experiments only, and the corresponding functions obtained by the optimization. 
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Fig. 5. Uncertainty parameter f as a function of temperature for the optimized reactions in the 1250–1550K 
temperature interval. 
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
1 3.92160E-01 5.60508E+02 5.57905E-01 6.30281E+02 -6.30371E+00 3.28863E-01 -6.69736E+03 -1.48076E+00 -3.56410E+02 -7.23319E+00 -7.99682E+03 4.05873E+00 5.24090E+03 -5.13134E+00 -2.13311E+00 -2.45109E+04 
2 5.60508E+02 8.01250E+05 7.97627E+02 9.01081E+05 -9.01449E+03 4.70005E+02 -9.58108E+06 -2.11788E+03 -5.10092E+05 -1.03455E+04 -1.14381E+07 5.80569E+03 7.49672E+06 -7.34596E+03 -3.05118E+03 -3.50677E+07 
3 5.57905E-01 7.97627E+02 8.02173E-01 9.02491E+02 -9.03442E+00 4.72018E-01 -9.59673E+03 -2.12733E+00 -5.14123E+02 -1.03794E+01 -1.14703E+04 5.84897E+00 7.55416E+03 -7.47293E+00 -3.05087E+00 -3.52156E+04 
4 6.30281E+02 9.01081E+05 9.02491E+02 1.01895E+06 -1.01699E+04 5.30336E+02 -1.08118E+07 -2.39457E+03 -5.76933E+05 -1.16972E+04 -1.29321E+07 6.56835E+03 8.48189E+06 -8.42815E+03 -3.43228E+03 -3.96465E+07 
5 -6.30371E+00 -9.01449E+03 -9.03442E+00 -1.01699E+04 1.03064E+02 -5.41742E+00 1.09066E+05 2.42471E+01 5.94882E+03 1.18140E+02 1.30638E+05 -6.64996E+01 -8.58888E+04 8.44347E+01 3.47150E+01 3.99990E+05 
6 3.28863E-01 4.70005E+02 4.72018E-01 5.30336E+02 -5.41742E+00 2.94960E-01 -5.61529E+03 -1.26653E+00 -3.12473E+02 -6.17553E+00 -6.83059E+03 3.48040E+00 4.49602E+03 -4.32326E+00 -1.80214E+00 -2.06906E+04 
7 -6.69736E+03 -9.58108E+06 -9.59673E+03 -1.08118E+07 1.09066E+05 -5.61529E+03 1.16786E+08 2.57676E+04 6.30730E+06 1.25493E+05 1.38750E+08 -7.06055E+04 -9.11836E+07 9.06945E+04 3.70213E+04 4.27364E+08 
8 -1.48076E+00 -2.11788E+03 -2.12733E+00 -2.39457E+03 2.42471E+01 -1.26653E+00 2.57676E+04 5.77702E+00 1.45856E+03 2.80190E+01 3.09984E+04 -1.57429E+01 -2.03336E+04 1.98800E+01 8.22810E+00 9.46459E+04 
9 -3.56410E+02 -5.10092E+05 -5.14123E+02 -5.76933E+05 5.94882E+03 -3.12473E+02 6.30730E+06 1.45856E+03 4.15945E+05 6.94315E+03 7.70081E+06 -3.88883E+03 -5.02498E+06 4.82116E+03 2.03004E+03 2.32484E+07 

10 -7.23319E+00 -1.03455E+04 -1.03794E+01 -1.16972E+04 1.18140E+02 -6.17553E+00 1.25493E+05 2.80190E+01 6.94315E+03 1.36452E+02 1.50971E+05 -7.66500E+01 -9.89984E+04 9.69788E+01 4.00595E+01 4.61035E+05 
11 -7.99682E+03 -1.14381E+07 -1.14703E+04 -1.29321E+07 1.30638E+05 -6.83059E+03 1.38750E+08 3.09984E+04 7.70081E+06 1.50971E+05 1.67067E+08 -8.47592E+04 -1.09472E+08 1.07213E+05 4.43023E+04 5.09823E+08 
12 4.05873E+00 5.80569E+03 5.84897E+00 6.56835E+03 -6.64996E+01 3.48040E+00 -7.06055E+04 -1.57429E+01 -3.88883E+03 -7.66500E+01 -8.47592E+04 4.33077E+01 5.59464E+04 -5.45132E+01 -2.25557E+01 -2.59452E+05 
13 5.24090E+03 7.49672E+06 7.55416E+03 8.48189E+06 -8.58888E+04 4.49602E+03 -9.11836E+07 -2.03336E+04 -5.02498E+06 -9.89984E+04 -1.09472E+08 5.59464E+04 7.22750E+07 -7.03965E+04 -2.91334E+04 -3.35095E+08 
14 -5.13134E+00 -7.34596E+03 -7.47293E+00 -8.42815E+03 8.44347E+01 -4.32326E+00 9.06945E+04 1.98800E+01 4.82116E+03 9.69788E+01 1.07213E+05 -5.45132E+01 -7.03965E+04 8.32674E+01 2.72016E+01 3.34153E+05 
15 -2.13311E+00 -3.05118E+03 -3.05087E+00 -3.43228E+03 3.47150E+01 -1.80214E+00 3.70213E+04 8.22810E+00 2.03004E+03 4.00595E+01 4.43023E+04 -2.25557E+01 -2.91334E+04 2.72016E+01 1.19737E+01 1.35640E+05 
16 -2.45109E+04 -3.50677E+07 -3.52156E+04 -3.96465E+07 3.99990E+05 -2.06906E+04 4.27364E+08 9.46459E+04 2.32484E+07 4.61035E+05 5.09823E+08 -2.59452E+05 -3.35095E+08 3.34153E+05 1.35640E+05 1.56806E+09 

 

Table S1. The covariance matrix of the parameters. The order of the optimized parameters is R1: A, E/R; R2: A, E/R; R4(high pressure limit): A, n,  

E/R; R4(low pressure limit): A, n,  E/R; R5: A, E/R; R6: A, E/R; R8: A, E/R. 
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 1.00000E+00 9.99923E-01 9.94705E-01 9.97071E-01 -9.91544E-01 9.66944E-01 -9.89640E-01 -9.83788E-01 -8.82471E-01 -9.88799E-01 -9.87963E-01 9.84865E-01 9.84419E-01 -8.97970E-01 -9.84391E-01 -9.88433E-01 
2 9.99923E-01 1.00000E+00 9.94905E-01 9.97248E-01 -9.91983E-01 9.66800E-01 -9.90456E-01 -9.84386E-01 -8.83581E-01 -9.89410E-01 -9.88613E-01 9.85571E-01 9.85130E-01 -8.99347E-01 -9.85078E-01 -9.89332E-01 
3 9.94705E-01 9.94905E-01 1.00000E+00 9.98234E-01 -9.93604E-01 9.70382E-01 -9.91502E-01 -9.88208E-01 -8.90051E-01 -9.92086E-01 -9.90819E-01 9.92346E-01 9.92106E-01 -9.14364E-01 -9.84409E-01 -9.92934E-01 
4 9.97071E-01 9.97248E-01 9.98234E-01 1.00000E+00 -9.92400E-01 9.67371E-01 -9.91118E-01 -9.86961E-01 -8.86197E-01 -9.92007E-01 -9.91169E-01 9.88774E-01 9.88376E-01 -9.14993E-01 -9.82637E-01 -9.91853E-01 
5 -9.91544E-01 -9.91983E-01 -9.93604E-01 -9.92400E-01 1.00000E+00 -9.82556E-01 9.94121E-01 9.93701E-01 9.08573E-01 9.96218E-01 9.95567E-01 -9.95368E-01 -9.95152E-01 9.11445E-01 9.88214E-01 9.94982E-01 
6 9.66944E-01 9.66800E-01 9.70382E-01 9.67371E-01 -9.82556E-01 1.00000E+00 -9.56743E-01 -9.70248E-01 -8.92097E-01 -9.73425E-01 -9.73042E-01 9.73788E-01 9.73762E-01 -8.72353E-01 -9.58946E-01 -9.62080E-01 
7 -9.89640E-01 -9.90456E-01 -9.91502E-01 -9.91118E-01 9.94121E-01 -9.56743E-01 1.00000E+00 9.92035E-01 9.04962E-01 9.94108E-01 9.93328E-01 -9.92798E-01 -9.92493E-01 9.19704E-01 9.90018E-01 9.98669E-01 
8 -9.83788E-01 -9.84386E-01 -9.88208E-01 -9.86961E-01 9.93701E-01 -9.70248E-01 9.92035E-01 1.00000E+00 9.40925E-01 9.97953E-01 9.97798E-01 -9.95294E-01 -9.95102E-01 9.06416E-01 9.89313E-01 9.94417E-01 
9 -8.82471E-01 -8.83581E-01 -8.90051E-01 -8.86197E-01 9.08573E-01 -8.92097E-01 9.04962E-01 9.40925E-01 1.00000E+00 9.21611E-01 9.23790E-01 -9.16260E-01 -9.16478E-01 8.19210E-01 9.09648E-01 9.10321E-01 

10 -9.88799E-01 -9.89410E-01 -9.92086E-01 -9.92007E-01 9.96218E-01 -9.73425E-01 9.94108E-01 9.97953E-01 9.21611E-01 1.00000E+00 9.99903E-01 -9.97101E-01 -9.96882E-01 9.09806E-01 9.91065E-01 9.96695E-01 
11 -9.87963E-01 -9.88613E-01 -9.90819E-01 -9.91169E-01 9.95567E-01 -9.73042E-01 9.93328E-01 9.97798E-01 9.23790E-01 9.99903E-01 1.00000E+00 -9.96458E-01 -9.96244E-01 9.09005E-01 9.90529E-01 9.96078E-01 
12 9.84865E-01 9.85571E-01 9.92346E-01 9.88774E-01 -9.95368E-01 9.73788E-01 -9.92798E-01 -9.95294E-01 -9.16260E-01 -9.97101E-01 -9.96458E-01 1.00000E+00 9.99991E-01 -9.07782E-01 -9.90511E-01 -9.95618E-01 
13 9.84419E-01 9.85130E-01 9.92106E-01 9.88376E-01 -9.95152E-01 9.73762E-01 -9.92493E-01 -9.95102E-01 -9.16478E-01 -9.96882E-01 -9.96244E-01 9.99991E-01 1.00000E+00 -9.07443E-01 -9.90337E-01 -9.95388E-01 
14 -8.97970E-01 -8.99347E-01 -9.14364E-01 -9.14993E-01 9.11445E-01 -8.72353E-01 9.19704E-01 9.06416E-01 8.19210E-01 9.09806E-01 9.09005E-01 -9.07782E-01 -9.07443E-01 1.00000E+00 8.61476E-01 9.24756E-01 
15 -9.84391E-01 -9.85078E-01 -9.84409E-01 -9.82637E-01 9.88214E-01 -9.58946E-01 9.90018E-01 9.89313E-01 9.09648E-01 9.91065E-01 9.90529E-01 -9.90511E-01 -9.90337E-01 8.61476E-01 1.00000E+00 9.89901E-01 
16 -9.88433E-01 -9.89332E-01 -9.92934E-01 -9.91853E-01 9.94982E-01 -9.62080E-01 9.98669E-01 9.94417E-01 9.10321E-01 9.96695E-01 9.96078E-01 -9.95618E-01 -9.95388E-01 9.24756E-01 9.89901E-01 1.00000E+00 

 
Table S2. The correlation matrix of the parameters. The order of the optimized parameters is R1: A, E/R; R2: A, E/R; R4(high pressure limit): A, n,  

E/R; R4(low pressure limit): A, n,  E/R; R5: A, E/R; R6: A, E/R; R8: A, E/R. 

 
 

 

 

 


	1. Introduction
	2. Overview of the experimental results
	3. Methods of kinetic parameter estimation
	4. Estimation of rate parameters based on all experimental data
	5. Conclusions
	Acknowledgements
	References

