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Abstract

A chemical kinetic model for the combustion of fuel mixtures – mainly

of hydrogen, carbon monoxide and methane – was derived from a compre-

hensive optimisation based on experimental data. The experimental data

include ignition delay times from shock tubes, species profiles from shock

tubes, jet stirred reactors, flow reactors and burner stabilised flames as well

as several laminar flame speeds. For this large scale optimisation of 475

model parameters within their uncertainty boundaries the novel linear trans-

formation model was successfully applied. The derived optimised chemical

kinetic model reproduces the experimental data significantly more accurately

than established conventional models that are also investigated in this study.

In this regard, especially the reproducibility of the experiments for the com-

bustion of fuel mixtures containing both syngas and methane is significantly

increased. The chemical kinetic model is valid for a wide range of boundary

conditions and is suitable for the numerical design and adaptation of various

combustion machinery running on the investigated fuel mixtures or biogenic
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gases, respectively.
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1. Introduction1

The accurate chemical kinetic modelling of H2, CO and CH4 combustion2

is of vast importance. On the one hand these fuel components are typical for3

biogenic gas mixtures, which gain more attention for combustion machinery4

and are for instance utilised in decentralised power generation. On the other5

hand the combustion model of these components is the basis of any chemical6

kinetic model of more complex hydrocarbons. Thus, accurate chemical ki-7

netic models are required for sophisticated designs of combustion machinery8

to guarantee reliable and safe operation of the machinery at low pollutant9

emissions. Whereas many reliable chemical kinetic models have been devel-10

oped for the combustion of syngas and methane (e.g. [1–3]), these models11

still show some discrepancies on the numerical reproduction of many funda-12

mental experiments, especially for fuel mixtures of syngas and methane, e.g.13

for shock tubes [4], for jet stirred reactors [5] or laminar burners [6]. A reason14

for these discrepancies can be certain chemical kinetic processes that are not15

fully included in the current models, which can lead to systematic errors in16

simulations. An example of such processes are reactions forming HCO. HCO17

has a relatively low dissociation threshold. As a consequence, the timescales18

of vibrational and rotational relaxation and dissociation are comparable [7].19

This can lead to a prompt dissociation of HCO radicals formed by reactions,20

which can have a strong influence on chemical kinetic processes and signifi-21
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cantly impact combustion characteristics like laminar flame speeds [7, 8].22

Another main reason for model deficiencies is the large number of hun-23

dreds or thousands of model parameters – mainly parameters of reaction24

rate coefficients – and their uncertainties from the direct determination of25

the parameter coefficients via experiments or numerical simulations [9]. To26

improve the chemical kinetic models, hyperdimensional model optimisations27

based on large data sets derived from combustion experiments can be applied.28

Thereby, extensive optimisations of chemical kinetic models were successfully29

performed and documented in the literature, e.g. for the combustion of hy-30

drogen [10–12], syngas [13] or natural gas [1, 14]. These optimisations were31

mainly based on response surface methods, which approximate the solution32

space of the hyperdimensional model parameters by polynomials. For this33

approximation a large number of randomised model parameter sets need to be34

evaluated. Thereby, the computational costs of this approximation increases35

exponentially with the number of optimised model parameters, drastically36

limiting the efficiency of research in this field of optimisation. To overcome37

this limitation, the novel linear transformation model (linTM) can be applied38

[15]. With the linTM the relations between model parameters and output39

parameters of the solution space are linearised, at the same time keeping a40

high accuracy of this linear approximation. Hereby, the numerical costs are41

radically decreased compared to conventional methods, as the increase of the42

numerical costs is not exponentially but linearly dependent on the number43

of optimised model parameters. This approach is very general and can be44

applied with data from various fundamental experiments and for a broad45

variety of fuels.46
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The objective of this work is the optimisation of a large number of chem-47

ical kinetic model parameters (more than 400) to increase the reproducibil-48

ity of experimental results from the combustion of fuel mixtures, consisting49

mainly of syngas and methane. Hereby, model parameters are optimised50

within their uncertainty limits gained from literature. With the optimisa-51

tion, a wide range of experimental data was targeted, including ignition delay52

times, species profiles and laminar flame speeds. Indications are given to-53

wards modelling directions for further investigation on certain reaction rate54

coefficients. Though, one major drawback of these optimisation processes55

is the inability to detect or account for systematic errors. A past example56

of these errors from models is the afore mentioned prompt dissociation of57

HCO. Due to the complexity and high number of model parameters in chem-58

ical kinetic models for the investigated combustion processes, the reduction59

of uncertainty bands of rate coefficients is not a major objective of this work.60

Thus, the main purpose of the optimised model is to increase the prediction61

accuracy e.g. of CFD simulations for the design and adaptation of applied62

reliable combustion machinery at low pollutant emission levels.63

2. Optimisation Method64

The linear transformation model (linTM) – including its optimisation65

method – is described in detail in prior work [15] and is only reviewed briefly66

here. The linTM mainly consists of two basic concepts. On the one hand the67

Arrhenius coefficients are substituted by a set of three different input param-68

eters. In detail the first two parameters to represent the Arrhenius equation69

are two deviations from the original rate coefficient at two different temper-70
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atures ∆ lg(k(T1)) and ∆ lg(k(T2)). In addition, for the full parametrisation71

of the Arrhenius equation a third parameter is required. This parameter72

is either a third deviation of the original rate coefficient ∆ lg(k(T3)) or a73

deviation from the original activation energy ∆EA. With this substitution,74

the dependencies of the input parameters on each other are decoupled. To75

simplify the mathematical notations, all input parameters are represented by76

normalised variables τi. On the other hand species profiles (as a function of77

time, distance or temperature) or laminar flame speed profiles (as a function78

of the fuel-air equivalence ratio ϕ) are defined by coordinates of characteristic79

points (CP), e.g. the maximum of an intermediate or the point where 50%80

of the maximum value is reached. Hereby, experiment and simulation results81

are compared by distances dj between these coordinates or the quantities q,82

respectively:83

dj = ln

(
qj,simulation

qj,experiment

)
. (1)

With the linTM the relations between the input parameters and the distances84

between the coordinates dj are linearised, thereby, keeping a high accuracy.85

These simplified linear relations can be efficiently used for the global sensi-86

tivity analysis and optimisation of chemical kinetic models. Specifically, for87

the optimisation, a gradient based solver is applied, using the method of least88

squares to minimise the distances dj. For this minimisation, the objective89

function F is:90

F =
D∑
j=1

(wjdj)
2, (2)

for which, D is the total number of distances. In Eq. (2), the distances are91

additionally weighted with a weighting factor wj.92

For the sensitivity analysis of a reaction r on the experimental set, we93
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use the definition of the global sensitivity Sr of the linTM [15]:94

Sr =
D∑
j=1

Sr,j =
D∑
j=1

(
m+Pr−1∑

i=m

(
wj
∂dj
∂τi

)2
)0.5

. (3)

In this equation Sr is the sum of the sensitivities of each reaction r on each95

distance dj. Thereby, Pr is the total number of input parameters τi belonging96

to reaction r.97

3. Selection of Experimental Data98

The set of experimental targets for the optimisation process was built99

from ignition delay times and species profiles from shock tubes (ST), jet100

stirred reactors (JSR), flow reactors (FR) and burner stabilised flames (BF),101

and from laminar flame speeds (FS). In this study, experimental data from102

rapid compression machines (RCM) and species profiles in low pressure flames103

that were collected in situ by probes were not included. The reasons for ex-104

cluding RCM data, are ongoing investigations showing a high sensitivity of105

the RCM design on the measured data (e.g. [16, 17]), resulting in highly106

spread data for the same conditions from different devices. The reasons for107

excluding the data from the low pressure flames are ongoing studies on the108

impact of the probe on the flow and temperature field of the flames and109

consequently on the measured species profiles [18, 19]. In general, these two110

types of experiments offer very useful insights into chemical kinetics. But for111

their implementation into optimisation processes, further investigations are112

required to fully understand their uncertainties.113

The fuel-air equivalence ratio ϕ and the range of pressure p of the experi-114

ments from ST, FR and JSR are listed in Tables 1 and 2. The targeted flame115
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Table 1: List of shock tube experiments utilised for optimisation

Fuel (molar) ϕ Bath gas p / bar No. of q Ref.

Shock tube (ST), ignition delay times

H2/CO = 5/95 1.0 Ar 1–16 23 [20]

H2/CO = 5/95 0.5 N2 1–19 48 [21]

H2/CO = 10/90 0.5 N2 1–17 30 [21]

H2/CO = 20/80 0.5 N2 1–18 24 [21]

H2/CO = 26/74 1.0 Ar ; N2 2–20 30 [22]

H2/CO = 33/67 1.0 Ar 2–20 28 [22]

H2/CO = 50/50 1.0 Ar 1–16 20 [20]

H2/CO = 50/50 1.0 Ar ; CO2 2–20 30 [22]

H2/CO = 70/30 1.0 Ar 2–20 35 [22]

CH3OH 1.0 Ar 1–16 15 [23]

CH4 0.5 Ar 1–8 6 [24]

CH4 2.0 N2 ; CO2 1–10 35 [25]

CH4 2.0 Ar ; CO2 1 6 [26]

C2H2 0.5 ; 1.0 Ar 1 33 [27]

C2H2 0.5–2.0 N2 ; Ar 10–30 38 [28]

C2H4 1.0 Ar 1 8 [29]

C2H6 0.5 ; 1.0 Ar 1 17 [30]

Shock tube (ST), OH* and CH* profiles

CH4 0.5 ; 1.0 Ar 1–16 242 [31]

RG = CH4/C2H6 = 92/8 1.0 Ar 1–16 189 [32]

H2/RG = 40/60 0.5 ; 1.0 Ar 1–16 540 [32]

H2/RG = 80/20 0.5 ; 1.0 Ar 1–16 454 [32]

CO/RG/CO2 = 25.3/11.4/63.3 1.0 Ar 16 30 [33]

CO/RG/CO2 = 61.9/5.6/32.5 1.0 Ar 16 33 [33]

H2/CO/CH4/CO2 = 5/31/38/26 0.5 ; 1.0 Ar 4 330 [31]

speed measurements are listed in Table 3. Additionally combustion exper-116

iments of C2H2, C2H4 and C2H6 were added to the experimental data set.117

These components are important intermediates for the fuel rich combustion118

of methane and at the same time are typical minor components of natural119

gas, relevant for various applied combustion systems.120

The ignition delay times were defined by measurements of photon emis-121

sions from excited OH or CH radicals. Thereby, they were defined by the122

maximum emission (e.g. [20]) or by the intersection method (e.g. [29]). If123
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Table 2: List of flow reactor, jet stirred reactor and burner stabilised flame experiments

utilised for optimisation

Fuel (molar) ϕ Bath gas p / bar No. of q Ref.

Flow reactor (FR)

H2 0.3–1.0 N2 0.3–16 28 [34]

CO 1.0 N2 ; H2O 3.5 ; 9.7 6 [35]

CH2O 1/225–1/150 N2 ; H2O 1.5 ; 9.7 24 [36]

CH4 0.5 ; 1.0 ; 2.0 Ar 1 33 [37]

CH4 0.06 ; 1.0 ; 19.7 N2 100 35 [38]

C2H2 1.0 ; 1.4 N2 1 28 [39]

C2H4 0.5 ; 1.0 Ar 1 34 [37]

C2H4 2.5 N2 5 ; 10 33 [40]

Jet stirred reactor (JSR)

H2 0.2 N2 1 4 [5]

H2/CO = 50/50 0.2 N2 1 6 [41]

CH3OH 0.5–2.0 N2 1–20.3 80 [42]

CH4 0.1 N2 1 20 [5]

CH4 0.1 ; 0.5 ; 1.0 N2 1 ; 10 50 [43]

CH4 1.5 N2 10 18 [44]

H2/CH4 = 50/50 0.3 N2 ; CO2 1 ; 10 71 [5]

H2/CH4 = 50/50 1.0 ; 1.5 N2 ; CO2 1 ; 10 61 [44]

H2/CO/CH4 = 25/25/50 0.3 N2 1 24 [5]

H2/CO/CH4 = 25/25/50 1.5 N2 1 18 [44]

C2H2 0.4 ; 1.0 N2 1 53 [45]

Burner stabilised flame (BF)

CH4 1.0–1.9 N2 0.039 26 [46, 47]

available the complete normalised emission profiles of OH and CH chemilu-124

minescence from ST were selected as targets for the optimisation as shown125

in previous work [15]. The pressure profiles of the ST were taken as input126

values for the simulation. If these were not available we considered constant127

pressure until ignition occurs in the ST [31, 32]. More details on the se-128

lected pressure conditions are given in the Supplementary Materials. For the129

FR and JSR the reactants, products and intermediates (CO, CH2O, C2H2,130

C2H4, C2H6) were targeted in the optimisation process. For the BF the131

intermediates HCO and singlet methylene 1CH2 were targeted, which were132
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Table 3: List of laminar flame speeds utilised for optimisation

Fuel (molar) T0 / K p / atm Ref.

H2 298 1 [48]

H2 298 1 [49]

H2/N2 = 30/70 298 1 [50]

H2/N2 = 25/75 298 1 [50]

H2/N2 = 25/75 298 1 [51]

H2/CO = 50/50 298 1 [48]

H2/CO = 50/50 298 2 [52]

H2/CO/N2 = 20/20/60 302 1 [53]

H2/CO/N2 = 10/20/70 298 1 [50]

H2/CO/N2 = 15/15/70 298 1 [50]

H2/CO/N2 = 20/10/70 298 1 [53]

H2/CO/N2 = 24/6/70 298 1 [50]

H2/CO/CO2 = 12/48/40 300 1 [54]

H2/CO/CO2 = 30/30/40 300 1 [54]

H2/CO/CO2 = 5/45/50 298 1 [55]

H2/CO/CO2 = 10/40/50 303 1 [54]

H2/CO/CO2 = 25/25/50 303 1 [54]

H2/CO/CO2 = 40/10/50 303 1 [54]

CH3OH 298 1 [56]

CH3OH 338 1 [56]

CH4 342 0.1 ; 0.25 [8]

CH4
a 298 1 [57]

CH4 298 1 ; 2 ; 4 [58]

CH4 358 1 [6]

H2/CH4 = 30/70 298 1 [59]

H2/CH4 = 35/65 298 1 [60]

H2/CH4 = 35/65 298 1 [61]

H2/CH4 = 40/60 298 1 [59]

H2/CH4 = 50/50 298 1 [60]

H2/CH4 = 80/20 303 1 [62]

biogenic mix 1b 298 1 [6]

biogenic mix 2c 298 1 [6]

C2H2 298 1 [63]

C2H4 298 1 [63]

C2H6 298 1 [63]

H2/CH4/C2H6 = 35/52/13 298 1 [60]

a with argon in oxidiser

b H2/CO/CH4/CO2/N2 = 12/19/5.8/13.2/50

c H2/CO/CH4/CO2/N2 = 9.6/15.2/24.6/10.6/40
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experimentally measured by the non-intrusive method of intracavity laser133

spectroscopy (ICLAS). To simulate the in-house FR experiment [37], up-134

dated temperature profiles of this FR [64] were used. The selected laminar135

flame speeds are all derived from stretch corrected burning velocities from136

counter flow burners, heat flux burners and outwardly propagating flames.137

In this regard we sustained a low number of flame speed data derived from138

outwardly propagating flames, due to their higher uncertainties [65]. In total139

the number n of quantities q targeted by the optimisation is 3011.140

Furthermore, the target values were weighted. The targets from the shock141

tube experiments were weighted by a factor of 1.0 because they are the ma-142

jority in the target set. The weighting factor was decreased to 0.5 for ignition143

delay times from shock tubes higher then 1 ms, when no informations on the144

pressure profile during the experiment were available, due to the increased145

uncertainty [66]. The other weightings were increased due to their lower un-146

certainties. Thereby, weighting factors for temperature targets of jet stirred147

reactors and flow reactors were set to 10.0 because of the low relative uncer-148

tainty of the temperature. The weighting for the laminar burning velocities149

were set to 8.0, except for the burning velocities from outwardly propagating150

flames. Their weighting factors were halved to a value of 4.0 due to their151

higher uncertainty.152

4. Chemical Kinetic Model153

To create a base chemical kinetic model for the optimisation, the in-house

model DLR-RG [3] was selected as the baseline model. The model was ex-

tended with a sub model for C3 species from the USC II mechanism [2],
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which was required to simulate the C2 oxidation – especially the laminar

flame speeds. For the C2H2 oxidation vinylidene was added as an interme-

diate as suggested by Laskin and Wang [67]. As another major update for

the simulation of the C2H2 oxidation – mainly of the JSR experiments – the

multi channel reactions of triplet methylene radical and the vinyl radical with

molecular oxygen needed to be updated:

3CH2 + O2 
 CO2 + H2, (R1a)


 CO2 + H + H (R1b)


 CO + H2O (R1c)


 CO + OH + H (R1d)


 CH2O + O (R1e)

C2H3 + O2 
 CO2 + CH3 (R2a)


 CO + CH3O (R2b)


 CH2O + HCO (R2c)


 C2H2 + HO2 (R2d)


 CH2CHOO (R2e)


 CH2CHO + O (R2f)


 CH2CO + OH (R2g)


 CHCHO + OH (R2h)


 CHOCHO + H (R2i)

Thereby, the total reaction rate of R1 was taken from Lee et al. [68], which is154

in very good agreement with the experimental values of Vinkier and Debruyn155

11



[69]. The branching ratios of R1 were updated to the values of Blitz et al.156

[70] as suggested by Smith et al. [71]. The reaction rates of R2 were taken157

from the recent quantum chemical study of Goldsmith et al. [72].158

The study on the low pressure CH4 flames [8] showed a strong influence159

of HCO dissociation due to its weakly bound H atom, as mentioned before.160

Therefore, partial decomposition of HCO formed was considered in the mech-161

anism as suggested by Labbe et al. [7]. Additionally, submodels for excited162

OH and CH radicals – required for the ST data – were added as done before163

in prior work [15, 73, 74].164

The thermodynamic data for heat capacities, enthalpies and entropies165

where updated to recent values of the Active Thermochemical Tables Ther-166

mochemical Network (ATcT TN) [75]. In this regard, we implemented167

ATcT TN version 1.122b, which was taken from Glarborg et al. [76].168

For a first sensitivity analysis with the linTM the uncertainties of the rate169

coefficients were set globally to ∆ lg(k) = 0.5, to identify the most sensitive170

reactions. For the most sensitive reactions, the rate coefficients and their171

uncertainties were updated from literature values – mainly from Baulch et172

al. [9], but also other references [10, 13, 40, 45, 68, 70, 72, 77–90].173

For the optimisation of the mechanism the rate coefficients were con-174

strained within their 3σ uncertainty range. 89 reactions were optimised with175

a total of 475 parameters, which are mainly the Arrhenius parameters of the176

rate coefficients. Parameters were only optimised if one of their sensitivity177

Sr,j for any characteristic point j was at least 5% of the maximum sensitiv-178

ity for this specific characteristic point j. With this restriction, parameters179

are only optimised that are relevant to the set of targeted data. The opti-180
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mised mechanism and the base values of the optimised parameters including181

their uncertainties are given as Supplementary Materials. As a benchmark182

the optimised chemical kinetic model is compared to established conven-183

tional models: POLIMI C1-C3 v1412 [91], FFCM 1.0 [71], USC mech 2.0184

[2], Aramco 2.0 [92], a recent model by Glarborg et al. [76] and the in-house185

model DLR-RG [3]. For all chemical kinetic simulations the open-source186

software Cantera was used [93].187

5. Results and Discussion188

The unweighted average absolute distances d̄ between simulation and ex-189

periment of the characteristic points for the different experiments and inves-190

tigated models are summarised in Table 4. With the model adaptations of191

the model DLR-RG these average distances of the base model are moderately192

reduced. Hence, the performance of the base model is similar to the recent193

models, which are shown in Table 4.194

With the optimisation within the parameter uncertainties it is possible195

to significantly increase the model’s capability to reproduce the all types of196

experimental data. For that matter, the overall average distance of all tar-197

geted points could be reduced by about a factor of two compared to the other198

models from literature. And, the results of the optimised model DLR SynNG199

agree considerably better with all investigated experiment types compared200

to the other models.201

5.1. Laminar Burning Velocities202

The simulation results of the laminar flame speeds by the optimised model203

are in excellent agreement with the experimental burning velocities. Exam-204
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Table 4: List of average absolute distances d̄ of the characteristic points between experi-

ments and simulation results with the different chemical kinetic models.

Model Species Reactionsa d̄ST d̄JSR d̄FR d̄BF d̄FS d̄overall

n = 2243 405 221 26 116 3011

POLIMI v1412 107 2642 0.308 0.066 0.274 0.313 0.055 0.264

FFCM 1.0 38 291 0.263 0.062 0.576 0.171 0.043 0.250

USC 2.0 111 784 0.221 0.097 0.374 0.144 0.047 0.209

Aramco 2.0 493 2716 0.222 0.045 0.262 0.190 0.044 0.194

Glarborg 2018 151 1393 0.226 0.050 0.190 0.121 0.039 0.192

DLR-RG 65 395 0.267 0.162 0.378 0.598 0.044 0.256

Base model 83 747 0.181 0.087 0.353 0.126 0.050 0.176

DLR-SynNG 83 747 0.107 0.031 0.107 0.063 0.035 0.094

(optimised, this work)

a As counted by Cantera [93]

ples of these comparisons are given in Figures 1–4. Figure 1 shows that the205

optimised model can predict pure hydrogen and syngas mixtures burning206

velocities as well as the conventional models. The burning velocities are in207

very good agreement with the experimental values from the heat flux burner208

in Figure 1 (b) and (c) and slightly underpredict the burning velocities of209

the bomb measurements in Figure 1 (a). The reason for the deviation be-210

tween numerical and experimental results of the bomb experiments can be211

related to the higher experimental uncertainties of this experiment. These212

uncertainties are also reflected in the lower weighting for these experimental213

targets in this optimisation, as mentioned before. Further comparisons are214

detailed in the Supplementary Materials.215

The optimised model also agrees well with measured laminar flame speeds216

for pure methane for a wide pressure range as shown in Fig. 2. Due to the217

implementation of the partial dissociation of the weakly bound HCO radical218

in the chemical kinetic model, the simulated low pressure flame speeds are219
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Figure 1: Simulation results of laminar flames speeds of H2, CO and their mixtures com-

pared to experimental data from Krejci et al. [48] (a) and Voss et al. [50] (b) and (c)
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Figure 2: Simulation results of laminar flame speed simulations of methane by the opti-

mised chemical kinetic model compared to experiments from Burrell [8] for sub atmospheric

and from Park et al. [58] for atmospheric and elevated pressure

in good agreement with the experimental results [8]. The described pressure220

range in Fig. 2 is relevant for decentralised power generation from natural221

gas or biogenic gas mixtures at slightly elevated pressure in micro gas turbine222

combustion or at subatmospheric pressure e.g. for the inverted Brayton cycle223

[94].224

All compared models agree well with pure syngas mixtures and pure225

methane burning velocities. Contrary, as shown in Figure 3 none of the con-226
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Figure 3: Simulation results of laminar flames speeds of biogenic mix I

(H2/CO/CH4/CO2/N2 = 12/19/5.8/13.2/50) compared to experimental data from Yan

et al. [6]

ventional models is capable to reproduce the laminar burning velocities of227

the mixed syngas methane fuel or biogenic fuel mix, respectively. Thus, only228

the optimised model is able to consistently reproduce the laminar burning229

velocities of syngas and methane as well as their mixtures.230

For the simulation of combustion processes with natural gas, accurate231

modelling of the kinetics of the C2 species is required. In this regard, also232

the burning velocities for the C2 species are consistently reproduced by the233

optimised model (Figure 4). Thereby, Figure 4 (a) illustrates a significant234

increase in accuracy predicting the experimental data for the ethane com-235

bustion from Park et al. [63].236

5.2. Ignition Delay Times237

The average distances of the targeted shock tube data d̄ST is decreased238

by around a factor of two compared to the conventional models. The average239

distances by the optimised model are considerably small compared to general240
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Figure 4: Simulation results of laminar flame speed simulations of C2 fuels compared to

experiments from Park et al. [63]

assumption of approximately 15% standard deviation of the statistical error241

of shock tube measurements – mainly caused by the temperature estimation242

of the initial temperature behind reflected shock waves [66]. But in this243

study, mainly shock tube experiments with known temporal pressure profiles244

have been implemented into the optimisation process, for which studies have245

indicated a significantly smaller statistical error [65], which is also confirmed246

by this work.247

Measured ignition delay times are well and consistently reproduced for a248

large pressure range for all investigated fuels. This is exemplary shown for249

syngas and methane and their mixtures in Fig. 5 and for ethane, ethylene250

and acetylene in Fig. 6.251

Figure 5 (a) illustrates that reproducibility of the ignition delay times of252

the syngas mixture at high pressures is significantly increased by the opti-253

mised model compared to the conventional models. Similar observations of254

increasing reproducibility can be demonstrated for the ignition delay times255

of the C2 species in Fig. 6. The whole model performance on the ignition256

delay times is shown in the Supplementary Materials.257
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Figure 5: Simulation results of ignition delay times of syngas, CH4 and their mixture

compared to experimental data from Thi et al. [22] (a) and Herzler et al. [31] (b) and (c)
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Figure 6: Simulation results of ignition delay times of syngas, CH4 and their mixture

compared to experimental data from Vries et al. [30] (a), Petersen et al. [29] (b) and

Rickard et al. [27] (c)
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Figure 7: Simulation results of CH4 profiles from the oxidation of CH4 and its mixture

with syngas compared to experimental FR data from Oßwald et al. [37] (a) and JSR data

from Dagaut et al. [5] (b) and (c)

5.3. Species Profiles258

Figure 7 shows that the low temperature oxidations of CH4 in the FR (a)259

and the JSR (b) and (c) are in good agreement with the optimised model.260

Contrary, the model USC 2.0 overestimate the consumption of CH4 at lower261

temperatures for both independent experiment types. Firstly, the optimi-262

sation with the linTM is successfully applied to data from the JSR, which263

is demonstrated further by the exemplary results of the intermediate C2H4264

from the combustion of CH4 and mixtures with syngas (Fig. 8). To wit, the265

simulated C2H4 profiles of the optimised model are in very good agreement266

for atmospheric pressure (a) and (c) and at elevated pressure (b). Thereby,267

the maximum concentration as well as the time scales of production and268

consumption of C2H4 are accurately reproduced.269

Figures 9 and 10 show that the oxidation of C2H4 and C2H2 are also well270

reproduced with the optimised model. Contrary, all conventional model over-271

estimate the consumption of C2H4 in the FR and C2H2 in the JSR. Also, the272

time scales and the maximum concentration of the intermediate CH4 are in273
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Figure 8: Simulation results of C2H4 profiles from the oxidation of CH4 and its mixture

with syngas compared to experimental FR data from Oßwald et al. [37] (a) and JSR data

from Dagaut et al. [5] (b) and (c)
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Figure 9: Simulation results of C2H4 and CH4 profiles from the oxidation of C2H4 com-

pared to experimental FR data from Oßwald et al. [37]

very good agreement with the optimised model. Especially the reproducibil-274

ity of the experimental data of CH4 in the JSR can be significantly increased275

compared to the conventional models.276

Also the experimental and numerical species profiles of the burner sta-277

bilised flame (BF) are in good agreement (Fig.11). All models are in good278

agreement with the peak concentration of singlet methylene 1CH2 for the279

stoichiometric case, with the exception of the model USC 2.0. In contrast,280
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Figure 10: Simulation results of C2H2 and CH4 profiles from the oxidation of C2H2 com-

pared to experimental JSR data from Tan et al. [45]

only the optimised model is able to reproduce the experimental data at rich281

conditions.282

In general the capability of optimised model to reproduce the species283

profiles is one of its major advantages compared to the conventional models284

considered in this study. Especially the formation of intermediate hydrocar-285

bons is essential for the formation of prompt NO. Thereby, the optimised286

model with an addition of a NO submodel could have an eminent impact on287

the accurate simulation of oxidation processes in combustion machinery, and288

therefore, being crucial for the design of low pollutant applications. Addi-289

tionally, a significant increase in reproducibility was observed for the toxic290

intermediate CH2O (see Supplementary Materials), which is also important291

for the design of low pollutant combustion, particularly when oxygenated292

hydrocarbon fuels are burnt [95].293
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Figure 11: Simulation results of 1CH2 profiles from the oxidation of CH4 compared to

experimental BF data from Fomin et al. [47]

5.4. Optimised Chemical Kinetic Model294

The global sensitivity coefficients Sr as defined in Eq. (3) for the reac-295

tion rates of the base model k0 and the optimised model kopt are given in296

Fig. 12. For the linTM these sensitivities are normalised with their maxi-297

mum uncertainty. The trend for most Sr of the reactions does not change298

significantly, demonstrating the robustness of this definition of the global299

sensitivity. There are also exceptions to that, which will be discussed later300

in this section.301

A profound uncertainty estimation of the model parameters – or rate302

coefficients, respectively – is challenging and almost impractical from these303

kinds of optimisation approaches. The main reasons are: (a) Due to the high304

number of model parameters in chemical kinetic models for the investigated305

combustion processes, systematic errors – e.g. not yet discovered important306

pathways or significant under- or overestimations of rate coefficients – cannot307

be fully excluded; (b) also systematic errors from experiments cannot be fully308
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Table 5: Reaction rate coefficients of the 20 most sensitive reactions before and after

optimisation

Base model Optimised model

Reaction A b EA ∆ lg(k)max Ref. A b EA

CH3+HO2 
OH+CH3O 1.81e+13 0.00 0.0 1.00 [9] 1.37e+18 -1.81 -2225.8

CH4 (+M)
CH3+H (+M) 6.41e+17 -0.00 89812.0 0.50 [86] 6.76e+06 3.35 88926.4

H+O2 (+M)
HO2 (+M) 1.74e+19 -1.23 0.0 0.20 [78] 1.46e+19 -1.22 0.0

H+O2 
O+OH 1.04e+14 0.00 15286.0 0.07 [77] 5.01e+12 0.33 13622.8

OH+H2 
H+H2O 2.16e+08 1.52 3430.0 0.30 [9] 9.14e+06 1.91 2995.7

CH2O+HO2 
HCO+H2O2 1.00e+12 0.00 8000.0 0.50 [3] 7.28e-09 6.03 -21.3

CH3+HO2 
CH4+O2 1.16e+05 2.23 -3022.0 0.50 [83] 1.11e+19 -1.97 2298.5

CH4+H
CH3+H2 6.14e+05 2.50 9581.9 0.40 [9] 3.50e+02 3.48 7486.9

H+HO2 
OH+OH 5.79e+13 0.00 170.9 0.20 [13] 7.30e+01 3.76 -3301.9

CH4+OH
CH3+H2O 1.37e+06 2.18 2680.9 0.30 [9] 3.81e+13 -0.09 4956.9

H+HO2 
O2+H2 2.12e+06 2.11 -1623.8 0.30 [13] 1.65e+02 3.16 -6376.0

HO2+HO2 
O2+H2O2 4.22e+14 0.00 11974.8 0.40 [9] 1.16e+21 -1.94 14798.4

O+HO2 
OH+O2 1.63e+13 0.00 -444.8 0.50 [9] 1.71e+06 2.47 -1692.7

HCO (+M)
H+CO (+M) 4.94e+10 0.96 14631.8 0.30 [13] 1.24e+43 -8.37 33089.7

O+H2 
H+OH 3.83e+12 0.00 7943.5 0.20 [9] 1.94e+15 -0.80 8746.1

CH2O+OH
HOCH2O 4.50e+15 -1.10 0.0 0.50 [3] 9.77e+14 -1.13 0.0

H2O2 (+M)
OH+OH (+M) 1.20e+17 0.00 45476.6 0.20 [9] 1.22e-12 8.59 31740.3

OH+HO2 
O2+H2O 9.58e+11 0.42 -948.1 0.20 [13] 4.66e+09 1.06 -2811.4

2CH3 (+M)
C2H6 (+M) 1.27e+41 -7.00 2760.4 0.30 [9] 3.13e+47 -8.68 6435.5

OH+CO
H+CO2 2.23e+05 1.90 -1160.0 0.20 [36] 1.90e+05 1.91 -1211.7

Units: A: cm, mol, s; EA: cal mol−1

a Low pressure values of fall-off reaction
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neglected. Consequently, uncertainty quantification results can be highly in-309

fluenced by systematic errors. Therefore, resulting rate coefficients and their310

uncertainties estimations from these optimisation approaches should not be311

seen as physically granted parameter boundaries and can otherwise be mis-312

leading for chemical kinetic modelling. Hence, implementing these results313

into other models needs to be done thoroughly with diligent validation. Nev-314

ertheless, valuable information from these optimisation approaches can still315

be gained for sensitive reactions, to give leads towards further investigations316

for certain reactions. For this purpose, we define a local solution space λ∆317

that is defined by the solutions for which the objective function satisfies:318

λ∆ = F ≤
D∑
j=1

(wjdopt,j)
2 (1 + ∆)2. (4)

In this equation dopt,j are the distances for the optimised model and ∆ is319

an approximated relative increase of the standard deviation of the distances.320

With the simplified linearity approximation of the linTM, solutions of the321

objective function can be estimated. This estimation is shown in Fig. 13 (a)322

and (b) for an exemplary reaction with its model parameters ∆ lg(k(T1)),323

∆ lg(k(T1)) and ∆EA (which define the reaction rate coefficient k(T ) and324

are also shown in Fig. 14). Combinations of input parameters that fulfil325

Eq. (4) can be found analytically, which are also plotted in Fig. 13 for λ0.2.326

In the solution space of the three model parameters of the reaction rate327

coefficient in Fig. 13 (c), the solution space λ∆ becomes an angled ellipsoid.328

The parameter combinations fulfilling λ0.2 from Fig. 13 (c) can then be329

projected to the corresponding boundaries of the optimised rate coefficient330

kopt(T ) in Fig. 14.331
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Figure 13: Estimation of the objective function with the deviation of the model parameters

of reaction CH3+HO2 
CH3O+OH (a) and (b) and the corresponding local solution space

λ∆ formed by the model parameter (c)

Figures 14 and 15 show the results of the local solution space investiga-

tions of the reactions:

CH3 + HO2 
 CH3O + OH, (R3a)


 CH4 + O2, , (R3b)

for which R3a is the most sensitive reaction of this optimisation problem.332

Figure 14 illustrates that the local solution space λ∆ of k(T ) of R3a becomes333

significantly small around temperatures of about 1000 K. In this temperature334

range, the optimised kopt(T ) is in excellent agreement with and supported335

by the experimental estimation of Scire et al. [96] and the review value of336

Baulch et al. [9] – here the base rate coefficient k0. The optimised value337

of the EA of R3a is -2.225 cal/mol. Negative temperature dependencies can338

be found for various reactions and are implemented in any modern detailed339

chemical kinetic model. Reasons are for instance temperature dependencies340

of activation energies, which not necessarily have to be constant. Also more341

complex reaction phenomena cannot be fully displayed by the highly sim-342

plified theory behind the semi-empirical Arrhenius equation, for which the343
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Figure 14: Optimised rate coefficient of reaction R3a with the base model k0 from Baulch

et al. [9] and experimental results from Scire et al. [96] and Hong et al. [97]

Arrhenius parameter become pure fitting parameters (e.g. [72]). A negative344

EA for reaction R3a was also reported by quantum chemical calculations [83].345

Furthermore, with the negative EA, the model even agrees well with the the346

upper values of highly scattered experimental estimation of R3a by shock347

tube experiments from Hong et al. [97], supporting the optimised result.348

Figure 15 illustrates that channel R3b agrees very well with experimental349

results from Hong et al. [97] and Scire et al. [96] and quantum chemical350

modelling results from Jasper et al. [83] (here k0) around the temperature351

range of 1000–1200 K. For higher temperatures the values of the optimised352

value kopt and the base model value k0 from Jasper et al. [83] show different353

trends and diverge. Srinivasan et al. [98] studied the reverse reaction of R3b354

experimentally. The corresponding values from reversing their results are355

also shown in Fig. 15 and their highly scattered data agree with both rate356

coefficients kopt and k0. Thus, for final conclusions on the rate coefficient357

value of R3b at higher temperatures more investigations are required.358
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Figure 15: Optimised rate coefficient of reaction R3b with the base model k0 from Jasper

et al. [83] and experimental results from Scire et al. [96], Srinivasan et al. [98] and Hong

et al. [97]

Another sensitive reaction that has been studied intensively by experi-359

ments is:360

CH4(+M) 
 CH3 + H(+M), (R4)

for which the optimisation results are shown in Fig. 16. Even though the361

experimental values of Davidson et al. [99] were not directly targeted by362

the optimisation, the optimised rate coefficient kopt is in outstanding good363

agreement with the experimental data. Also the trend of kopt agrees well364

with the experimental data of Wang et al. [86], which were experimentally365

determined in a shock tube study at lower temperature. Therefore, deviations366

can be associated with higher uncertainties of shock tube results regarding367

low temperatures [66].368

In general, there is a very good agreement of the presented, sensitive369

rate coefficients with the independent experimental determinations. This370

indicates a potentially low impact of a systematic error on the optimisation371
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Figure 16: Optimised rate coefficient of reaction R4 with the base model k0 from Wang

et al. [86] and experimental results from Wang et al. [86] and Davidson et al. [99]

results of this work.372

A reaction that significantly increased its global sensitivity coefficient Sr373

after the optimisation is the reaction of singlet methylene with molecular374

oxygen:375

1CH2 + O2 
 CO + OH + H. (R5a)

Figure 17 shows that the value kopt is pushed to the upper boundary of 3σ376

after the optimisation process. Since R5 is a chain branching reaction, the377

increased value has a high impact on the combustion processes investigated378

in this study, therefore, leading to the increased Sr. There have been a few379

experimental investigations on reaction R5a with contrary results. On the380

one hand Shaub et al. [100] concluded, that R5a was the main channel for381

the reaction of 1CH2 with O2, which was applied to the direct measurement382

of the overall rate of the reaction of 1CH2 with O2 by Langford et al. [101].383

In contrast experiments by Hancock et al. [102] indicated that the main384

channel for this reaction was the deactivation of singlet methylene to triplet385
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Figure 17: Optimised rate coefficient of reaction R5 with the base model k0 from Langford

et al. [101]

methylene, for which O2 just acts as a third body:386

1CH2 + O2 

3CH2 + O2. (R5b)

But also with the indications of Hancock et al. [102] no final conclusion on387

the reaction of 1CH2 with O2 can be drawn.388

The incorporation of reaction R5 is consequently inconclusive among re-389

cent chemical kinetic models. For instance is the value suggested by Langford390

et al. [101] is incorporated in the models like GRI 3.0 [1], USC 2.0 [2] or391

Aramco 2.0 [92], but this reaction is completely left out in the model of392

Glarborg et al. [76]. The possible importance of reaction R5 in the optimised393

model underlines the need of further investigations on the rate coefficient of394

this reaction, e.g., by quantum chemical simulations of the reaction.395

6. Conclusions396

Within this work an optimised chemical kinetic model was established,397

which can reproduce fundamental experimental data from the oxidation of398
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fuel mixtures of H2, CO, CH4 and C2 species with high accuracy. The aver-399

age deviation between experimental and simulated targets can be reduced by400

a factor of two compared to conventional models. The optimised model can401

consistently reproduce data from shock tubes, flow reactors, jet stirred reac-402

tors and different burner types. Here, the reproduction of low temperature403

combustion in flow reactors and jet stirred reactors could be significantly im-404

proved. Also the laminar flame speeds of mixtures of syngas and methane are405

reproduced more accurately compared to the conventional models. The com-406

bustion model is valid for a wide range of boundary conditions, relevant for407

applied combustion systems, e.g., for power generation from biogenic gases408

in decentralised units. Due to the implementation of partial dissociation409

of the weakly bound HCO radical, the model is also capable to accurately410

reproduce data at subatmospheric conditions.411

Thus, the optimised combustion model is capable of reproducing rele-412

vant combustion characteristics for the design of combustion machinery, like413

the ignition behaviour, the heat release and intermediate species. Whereas414

ignition behaviour and heat release are important for the reliability (e.g.415

flashback risk) and the dimensioning of combustion chambers, heat release416

and intermediates are also important for the prediction of pollutant emis-417

sions. Thereby, intermediates can directly be pollutants. Additionally, when418

adding NOx models, heat release is important for the accurate modelling of419

thermal NOx and the accurate modelling of hydrocarbon intermediates is420

important for the prediction of prompt NO.421

Therefore, the chemical kinetic model can be used for the numerical de-422

sign or adaptation of combustion chambers, e.g., by CFD simulations, to423
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guarantee reliable operation of combustion machinery at low pollutant emis-424

sion levels. In this context the chemical kinetic model can also serve as a425

base model for the generation of numerically efficient reduced models.426

With the analysis of the chemical kinetic model, the reaction of singlet427

methylene with molecular oxygen was identified as a key reaction in the428

optimised model. For this reaction further investigations seem to be of high429

interest, e.g., by quantum chemical modelling approaches. For the further430

chemical kinetic evaluation of the rate coefficients more experimental data431

could be collected and implemented into the overall optimisation process.432

As examples species profiles probed from flat laminar flames and combustion433

data from rapid compression machines could be implemented. Also, chemical434

kinetic submodels for NOx could be added to the model and included directly435

in the optimisation process.436

On the whole, the optimisation method, utilised in this work, is very437

general. This optimisation work can be extended and the method can be438

used on arbitrary reaction schemes for a broad variety of fuels in different439

fundamental experiments.440
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