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Abstract 

Detailed gas-phase chemical kinetic models are widely used in combustion research and many 

new mechanisms for different fuels and reacting conditions are developed each year. Recent 

works have highlighted the need for error checking when preparing such models, but a useful 

community tool to perform such analysis is missing.  In this work, we present a simple online 

tool to screen chemical kinetic mechanisms for bimolecular reactions exceeding collision 

limits. The tool is implemented on a user-friendly website, cloudflame.kaust.edu.sa, and checks 

three different classes of bimolecular reactions; (i.e., pressure independent, pressure dependent 

falloff, and pressure dependent PLOG). In addition, two other online modules are provided to 

check thermodynamic properties and transport parameters to help kinetic model developers 

determine the sources of errors for reactions that are not collision limit compliant (CLC). 

Furthermore, issues related to unphysically fast time scales can remain an issue even if all 

bimolecular reactions are within collision limits. Therefore, we also present a procedure to 

screen ultra-fast reaction time scales using computational singular perturbation (CSP). For 

demonstration purposes only, three versions of the rigorously developed AramcoMech are 

screened for collision limit compliance and ultra-fast time scales, and recommendations are 

made for improving the models. Larger models for biodiesel surrogates, tetrahydropyran, and 

gasoline surrogates are also analysed for exemplary purposes. Numerical simulations with 

updated kinetic parameters are presented to show improvements in wall-clock time when 

resolving ultra-fast time scales. 

 

1. Introduction 

 

Chemical kinetic models are widely used to simulate fuel oxidation and pyrolysis during 

combustion. With the increasing demand for reliable kinetic models, the number of 

mechanisms being published has increased in recent time.1,2 Many recent models are widely 

validated against global combustion properties and species measurements in shock tubes and 

rapid compression machines, premixed and non-premixed flames, perfectly stirred reactors, 

and flow reactors. Despite such comprehensive validations, the sheer size of these mechanisms 

and their hierarchical nature often results in error propagation in kinetic and thermodynamic 

parameters that is difficult to identify and correct.   
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With the availability of high computational power and need to predict the behaviour of realistic 

complex fuels, the typical mechanism size has recently increased significantly. For example, a 

gasoline toluene-PRF surrogate mechanism by Mehl et al.3 is composed of over 1500 species 

and 6000 reactions. Since calculating rates for such a large number of reactions accurately is 

an expensive task, they are often determined by making some approximations and assumptions 

similar to the rate rules by Sarathy et al.4 All of the individual species must also be accompanied 

with thermodynamic properties, often calculated using group additivity rules5, and transport 

properties generated with certain correlations6.  

 

Following theories by van’t Hoff and Arrhenius as the basis for systematic description of 

chemical reactions7,8, today’s gas-phase chemical kinetic mechanisms consist of many 

elementary reactions in the form of Arrhenius equations for detailing the specific nature of 

reaction processes. In reacting systems, the Smoluchowski diffusion limit can be used to 

estimate bimolecular rate constants without needing any molecular information regarding the 

reacting species; it is dependent only on the properties of the solvent (viscosity) and 

temperature. In combustion systems, collision theory9 for gas-phase bimolecular reactions sets 

the upper limit on rate coefficient, referred to as the collision limit. For complex kinetic 

mechanisms, however, many rate constants are inevitably built up by curve-fitting based on a 

finite number of data points, and are subject to errors that may exceed the collision limit. Chen 

et al.10 examined a number of recently published kinetic mechanisms and reported that a large 

number of reaction rates exceed the collision limit, and further suggested the need for a 

computational tool for researchers to conduct the rate coefficient screening for collision limit 

compliance (CLC). 

 

In addition to bimolecular gas-phase reactions exceeding collision limits, other types of 

reactions (e.g., unimolecular decomposition, isomerization, etc.) may exceed physically 

reasonable timescales. Chemical reactions typically evolve in a wide range of timescales, some 

of them being extremely fast. According to Zewail11, “the speed of atomic motion is about 1 

km/s and, hence, to record atomic-scale dynamics over a distance of an angström, the average 

time required is approximately 100 fs”. Therefore, gas-phase chemical reactions with time 

scales in the range of 1 ps and 1 fs are unlikely, and reactions faster than 1 fs are considered 

unphysical. Unfortunately, such time scales are frequently encountered in existing chemical 

kinetic models used in combustion simulations, as shown herein. Note, also, that there are often 

situations in multi-dimensional turbulent combustion problems, in which turbulent transport 

may lead to local thermodynamic conditions well outside the usual conditions explored in 

idealized reduced-dimensional configurations used in the kinetic model development. This 

results in large numerical stiffness, implying that the fastest chemical time scales are many 

orders of magnitude smaller than the time scales to describe the system dynamics such as 

ignition and flame propagation. Kinetic mechanisms exhibiting such ultra-fast time scales lead 

to non-physical predictions as well as a significant computational burden for large scale 

simulations. 

 

For the practitioners implementing such mechanisms in reacting flow simulations, the 

computational burden is commonly alleviated by splitting the chemical reaction source terms 

from the convective and diffusive transport operators, and employing an implicit time 

integration for the stiff reaction terms. However, such an approach comes at its own overhead 

as the implicit method requires a computation of the large Jacobian matrix and iterative solution 
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techniques. Furthermore, the numerical errors associated with the operator splitting must also 

be carefully accounted for. Alternatively, one may argue that such ultra-fast chemical time 

scales that relate to non-physical rate constants should not exist in the first place, so that a 

properly developed kinetic mechanism should be amenable to explicit time integration schemes 

which are computationally simple and inexpensive. In direct numerical simulations (DNS) 

where the smallest turbulent eddies and flame structures are fully resolved, the minimum time 

scales required by the turbulent flame dynamics may approach on the order of nanoseconds, 

which may not be far off from the relevant and physically valid fast chemical time scales. 

 

The present study attempts to provide insights into the aforementioned issues in order to guide 

future development of kinetic mechanisms that are physically sound and computationally 

efficient. Collision limit violations are identified for bimolecular reactions, and ultra-fast times 

scales in both unimolecular and bimolecular reaction resulting in chemical stiffness are 

identified.  First, a number of published kinetic mechanisms are examined to identify whether 

the chemical time scales exceed the collision limits, and if so, under what conditions they are 

encountered. The selection of models is not intended to be comprehensive nor is it meant to 

place judgement on the model developers.  A systematic tool for an initial screening of the 

fast chemical time scales is developed for public use under the KAUST CloudFlame12, a 

website that provides a front-end for data search tools and web-based numerical simulations. 

The CLC tool requires transport data for all species in the mechanism, which is sometimes not 

available in large detailed kinetic models.  Second, the evolution of fast time scales in a 

dynamic system is also analysed by use of the computational singular perturbation (CSP) 

framework13,14, which is an automated asymptotic analysis to identify the critical time scales 

from a complex multi-scale phenomena. The CSP framework has successfully been used to 

develop reduced and simplified kinetics model15-19, to diagnose the key species and processes20-

25 and to characterize the flame topology.26,27 In the present study, the time scale participation 

index (TPI) is mainly used to identify the reactions related to the fast time scales.28-32  

 

In the following, the details of the CLC analysis and CSP approach are described. Violations 

to the collision limit are then investigated with modules for determining the source of errors, 

using the AramcoMech series of kinetic models as a test case.  We reiterate that these were 

chosen only for exemplary purposes and not intended to base judgement on the models or their 

developers. This is followed by a more detailed analysis of ultra-fast time scales in various 

kinetic models available in the literature. Note that the present test results are based on 

conservative criteria for the extremely fast chemical time scales only. As such, the results must 

be taken as an exemplary demonstration to provide a better understanding of the general causes 

for the fast time scales, and the result is not intended to be the final mechanisms, for which 

further refinements and validations are needed.  

 

2. Methodology 

2.1 Collision Limit Compliance  
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At any given temperature, the number of collisions happening per unit time sets an upper limit 

on the gas phase bimolecular reaction rate. For the detailed kinetic mechanisms under 

consideration, the chemical time scale for each bimolecular reaction was evaluated and checked 

if it is within the physical limit. The CLC tool utilizes the Cantera suite of codes33 for 

processing the kinetic model and calculating thermodynamic, transport and rate information. 

The mechanism file is provided in .cti format, and a user can specify a fixed temperature or 

range of temperatures at which the model is tested for CLC. The tool is available via a web 

interface at https://cloudflame.kaust.edu.sa/violation_check. The code is also available on the 

following Githhub repository (https://github.com/kiranyalamanchi/CLC_script). The output 

generated is self-explanatory, with all the values in SI units. Additionally, the ‘Mechanism File 

Converter’ tool (https://cloudflame.kaust.edu.sa/ck2cti/converter) on CloudFlame converts a 

mechanism from Chemkin format to Cantera (.cti) format, if required. 

 

 

The tool checks CLC for three different classes of bimolecular reactions, i.e., pressure 

independent, pressure dependent fall-off (TROE or SRI), and pressure dependent PLOG. For 

all of these classes, the collision limit is calculated using the formula:  

 

                            kcol = √
8πkB𝑇

μ
 σ2Ω(1,1)∗

Na 

 

where T is temperature, kB is the Boltzmann constant, μ is reduced mass, σ is the collision 

diameter of the Lennard–Jones (LJ) 12-6 potential and Na is the Avogadro number, and Ω(1,1)∗
 

is the reduced collision integral34. For reactions without pressure dependence, the rate 

coefficient is compared to the collision limit, and the rate coefficient is calculated by   

𝑘𝑓𝑖  = 𝐴 ∙ 𝑇𝑏 ∙ 𝑒−
𝐸𝑎
𝑅𝑇 

where 𝐴 , 𝑏  and 𝐸𝑎  are the Arrhenius coefficients provided in the chemical kinetic 

mechanism, 𝑇 is the temperature and 𝑅 is the gas constant. For fall-off reactions in the TROE 

and SRI formalism, the rate at a specific temperature and pressure depends on the high-pressure 

limit, low-pressure limit, third body efficiencies, and concentrations of other species. Further 

details on fall-off reaction rate formulation can be found from Cantera documentation33. For 

these reactions, only the high-pressure limit, the fastest case, is compared against the collision 

limit. For PLOG reactions, the rate coefficients are provided at discrete pressures, and the rate 

constant at any other pressure is interpolated from these values. As such, the rate coefficient at 

each pressure designated in the mechanism file is compared against the collision limit. For a 

reversible reaction, the reverse rate constant is calculated based on the equilibrium constant 

𝐾𝐶𝑗 and 𝑘𝑓𝑗 , equal to 𝑘𝑟𝑗 =
𝑘𝑓𝑗

𝐾𝐶𝑗
. Therefore, a high 𝑘𝑓𝑗  and low 𝐾𝐶𝑗 can compound to cause 

the reverse rate to exceed the collision limit. Note that the rate parameters for most of the 

reactions in kinetic mechanisms are fitted parameters, and are fitted to provide the rate 

coefficient of the reaction at various temperatures with other details being left out. For example, 

𝐸𝑎 may not represent activation energy for every reaction. Therefore, the kinetic mechanisms 

https://cloudflame.kaust.edu.sa/violation_check
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are screened only for the overall rate coefficients of reactions and not on individual rate 

parameters. 

 

Reaction mechanisms typically define parameters in a single direction, and the reverse rate of 

reaction is determined from thermochemistry. The CLC tool compares both forward and 

reverse rates against their respective collision limit and reports the results. When the input is a 

single temperature, the final downloadable output provides all reactions exceeding the collision 

limit alongside their rate coefficient and respective calculated collision limit. For PLOG 

reactions, all the rate coefficients that exceed the collision limit are reported, along with the 

pressure values. For all reverse reactions exceeding collision limits, the forward reaction rate 

coefficient and equilibrium constants are reported as well. In case of a parametric temperature 

input, the first part of the output file displays all reactions exceeding the collision limit in the 

prescribed temperature range, and the temperatures at which each of these reactions rate 

coefficients are unphysical. The second part of the output file is similar to the single 

temperature output file for every temperature value parameterized. For illustration, output files 

are provided in the Supplementary Material, for the published mechanisms used. 

 

Note that CLC violations may arise in several cases and from various parameters, i.e., forward 

rate coefficient, equilibrium constant, or the calculated collision limit. Following is a list of 

some cases that lead to a reaction rate coefficient violating collision limits: 

1. Forward reaction rate is correctly determined but the reverse rate may exceed collision 

limit due to discrepancies in ΔH and ΔS of the reaction. If the reaction is elementary 

and A-factor and Ea are not fitted parameters, then ΔH and ΔS of the reaction affects Ea 

and A-factor of reverse reaction, respectively. 

2. Rate parameters are derived by fitting to either experimental data or computed rate 

coefficients, in which data are limited to a narrow temperature range. Outside the tested 

temperature range, the fit may sometimes result in unphysical values.  In addition, 

using an incorrect fitting function (e.g., three parameter Arrhenius) for reactions that 

do not show strong Arrhenius dependence or reactions that require more parameters to 

fit accurately. 

3. Extension of rate parameters with respect to pressure based on data at a limited number 

of pressure conditions. A small error can lead to an unphysical high-pressure limit or 

an erroneous value at low pressures.  

 

While the forward rate coefficient depends on the parameters prescribed in the mechanism file, 

the equilibrium constant and collision limit depend on thermodynamic and transport 

parameters, respectively. Since uncertainties in rate coefficients are generally higher than 

thermodynamic and transport parameters, rate parameters are usually the most probable cause 

of violations. Nevertheless, it is necessary to check thermodynamic and transport parameters 

of species involved in a reaction, as errors in these may also cause the CLC violations. To 

summarize, if a forward rate coefficient exceeds the collision limit, rate and transport 

parameters are checked; if a reverse rate coefficient exceeds the collision limit, thermodynamic 

parameters are also checked along with rate and transport parameters.  
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Correcting the rate parameters requires checking the original source of the parameters and 

conducting a more detailed analysis on fittings, estimates, etc. To help users determine if CLC 

violations are due to transport or thermodynamic data, two additional modules are provided. 

The transport parameter calculator provides the value for the collision diameter and well depth 

when the boiling temperature, critical temperature, and pressure of a molecule are given as 

inputs. These parameters are calculated using correlations by Tee et al.6, and the values help 

the user to cross-validate the transport data of species involved in reactions exceeding collision 

limits. The second module is the thermodynamics property checker which, for a mechanism 

file and a violating reaction number provided in the CLC output file, reports the valid 

temperature range for the NASA polynomial of the species, along with plots of heat capacity, 

enthalpy and entropy with respect to temperatures. This information is provided for all the 

species in the violating reaction. Any anomaly in the plots of heat capacity, enthalpy and 

entropy indicates that the thermodynamic parameters require more scrutiny. It should be noted 

that chemical kinetics reaction mechanisms may contain lumped reactions that are a 

combination of elementary reactions.  In such cases, it is hard to identify the collision limit for 

the various elementary steps, since that information is not available in the reaction mechanism.  

In this work, the lumped reactions that are found to exceed collision limits need to be revisited, 

since the total lumped reaction rate should be less than that of the sum of elementary reactions 

with the same reactants, which is bounded by collision limit. 

 

2.2 Computational Singular Perturbation 

 

For dynamical analysis of the chemical system, CSP is used to identify reactions in chemical 

kinetic model that generate ultra-fast times scales during a reacting flow simulation.  In the 

case of the batch reactor (constant volume or pressure), the system of species and energy 

governing equations is cast in the general form: 

𝑑𝒛

𝑑𝑡
= 𝒈(𝒛) = �̂�1 ∙ 𝑅1 + ⋯ + �̂�2𝐾 ∙ 𝑅2𝐾     (1) 

where 𝒛 is the vector including the N-species mass fractions and temperature (𝒛 = [𝒚, 𝑇]𝑇), 

𝒈(𝒛)  is the chemical source term, �̂�𝑖  is the generalized stoichiometric vector of the i-th 

reaction, 𝑅𝑖 the respective reaction rate and 2K is the total number of unidirectional reactions. 

Note that �̂�𝑖 is an (N+1)-dimensional column vector with its top N elements being functions 

of the system’s stoichiometric coefficients, the species’ molecular weights and density, while 

its last element (that relates to temperature) adds a functional dependence on the species’ 

absolute enthalpies, the mixture’s heat capacity and temperature. Based on the CSP approach, 

Eq. 1 is rewritten in terms of the CSP basis vectors 𝒂𝑖 and their related amplitudes 𝑓𝑖 = 𝒃𝑖 ∙

𝒈(𝒛), 𝑏𝑖 ∙ 𝑎𝑗 = 𝛿𝑗
𝑖 14,15:  

𝑑𝒛

𝑑𝑡
= 𝒈(𝒛) = 𝒂1𝑓1 + 𝒂2𝑓2 + ⋯ 𝒂𝑁𝑓𝑁 + 𝒂𝑁+1𝑓𝑁+1  (2) 

The CSP basis vectors 𝒂𝑖 and 𝒃𝑖 are calculated through two iterative procedures14,35-37, but in 

the current work they have been approximated by their leading order approximations, i.e., the 

right and left eigenvectors of the Jacobian (𝑱) of 𝒈(𝒛)38-40, which is a common practice when 

interested in identifying the key process in reacting systems.15-32 Each CSP mode is described 
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by an amplitude 𝑓𝑖, which signifies the impact of that mode to the system’s slow evolution, 

and a timescale 𝜏𝑖, which sets the timeframe of action of the mode, is approximated by the 

inverse norm of the related eigenvalue, i.e., 𝜏𝑖 =
1

|𝜆𝑖|
, 𝜆𝑖 = 𝒃𝑖 ∙ 𝑱 ∙ 𝒂𝑖 .13,14 Since 𝑱 =

𝛁(�̂�1𝑅1) + ⋯ + 𝛁(�̂�2𝐾𝑅2𝐾), each system’s i-th eigenvalue can be expressed as: 

𝜆𝑖 = 𝒃𝑖 ∙ 𝛁(�̂�1𝑅1) ∙ 𝒂𝑖 + ⋯ + 𝒃𝑖 ∙ 𝛁(�̂�2𝐾𝑅2𝐾) ∙ 𝒂𝑖  (3) 

which implies that each eigenvalue is the weighted sum of the reaction rate gradients against 

the species mass fractions and temperature.  

 

Based on Eq. 3, the timescale participation index (TPI) is introduced, measuring the 

contribution of the k-th reaction to the system’s i-th timescale38,39: 

𝑇𝑃𝐼𝑘
𝑖 =

𝒃𝑖 ∙ 𝛁(�̂�𝑘𝑅𝑘) ∙ 𝒂𝑖

|𝒃𝑖 ∙ 𝛁(�̂�1𝑅1) ∙ 𝒂𝑖| + ⋯ + |𝒃𝑖 ∙ 𝛁(�̂�2𝐾𝑅2𝐾) ∙ 𝒂𝑖|
 

where 𝑖 = 1, … , 𝑁 + 1, 𝑘 = 1, … ,2𝐾 and by definition ∑ |𝑇𝑃𝐼𝑘
𝑖 |2𝐾

𝑘=1 = 1. The TPI tool has 

been used extensively in the field of reacting flows in many different configurations mainly for 

the purpose of identifying the chemical reactions related to the system’s explosive timescale.19-

25,27-32,38-43 In the current analysis, the TPI tool is employed to identify the reactions that 

generate the ultra-fast timescales. 

 

For the i-th unimolecular and unidirectional reaction (forward or reverse), where only one 

reactant is included and its rate constant 𝑘𝑓𝑖  or 𝑘𝑟𝑖  (forward and reverse, respectively) is 

calculated based on the Arrhenius equation, the elements in the 𝛁(�̂�𝑖𝑅
𝑖)  matrix have 

minimum absolute value of zero and maximum 𝑘𝑓𝑖  𝑜𝑟 𝑘𝑟𝑖. For the j-th reverse unimolecular 

reaction where only one reactant is included and its rate constant is calculated based on the 

equilibrium constant 𝐾𝐶𝑗 and 𝑘𝑓𝑗 , the elements of the 𝛁(�̂�𝑗𝑅𝑗) matrix will have minimum 

absolute value of zero and maximum equal to 𝑘𝑟𝑗 =
𝑘𝑓𝑗

𝐾𝐶𝑗
, so it will be a function of the 

Arrhenius coefficients of the forward and the species thermodynamic properties.  

 

According to Eq. 3, each eigenvalue is the result of the weighted sum of the gradients of the 

reaction rates against the species mass fractions and temperature. Therefore, unless a reaction 

includes one reactant (such as in unidirectional and unimolecular dissociation/isomerization 

reactions), these gradients may differ significantly from the respective rate constants. In 

addition, a reaction with a large rate constant may be weakly related to a fast direction of the 

subspace spanned by the CSP basis vectors, i.e., the related component in the basis vectors is 

negligibly small, and thus the contribution of that reaction to the fast eigenvalue is small. In 

other words, a reaction with a very large rate constant may not produce a very large eigenvalue 

either because the related gradients are small or because of its small weight. Nonetheless, 

unidirectional and unimolecular dissociation/isomerization reactions with large rate constants 

are most likely to relate to ultra-fast timescales. In such a case, if the Arrhenius coefficients are 

explicitly provided in the mechanism, the revision of the coefficients is straightforward. If not 

(e.g., in the event of a reverse reaction that no Arrhenius coefficients are explicitly provided in 

the mechanism), the revision of the related reaction rate constant is complicated since it is a 
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function of many variables as discussed in previous subsection, and is more difficult to correct. 

It is noted in the context of the current work, as “ultra-fast” are characterized as time scales 

faster than one 1 fs.   

3. Results and Discussion 

3.1 Screening models for CLC 

 

The CLC tool was used to screen three versions of AramcoMech (i.e., 1.344, 2.045,46 and 3.047) 

and the Foundational Fuel Chemistry Model Version 1.0 (FFCM-1)48 for reaction rates 

exceeding collision limits. These models were selected because they contain transport data for 

all species in the reaction mechanism, and the models have been rigorously developed.  It 

should be noted that models developed by authors at KAUST49-51 also exhibited CLC 

violations, but were not selected in the examples presented here because KAUST models often 

do not provide transport data for all species (e.g., low temperature radical species ROO, 

QOOH, etc.).  A temperature range of 300 – 2000 K in increments of 50 K was chosen for 

screening, which is relevant for combustion simulations. A list of violating reactions in 

AramcoMech 1.3 are detailed in Table 1. Details of CLC violations in AramcoMech 2.0 and 

3.0 and FFCM-1 can be found in the Supplementary Material. All models were found to exhibit 

one or more CLC violations. We found that some reaction rates in AramcoMech 1.3 that 

violated collisions limits were updated and corrected in AramcoMech 2.0 and 3.0, as discussed 

below. Therefore, improvements to chemical kinetic models by scrutinizing rate parameters 

helps to meet CLC. However, it was also found that several new reactions added in recent 

models exceed collision limits, which requires a recheck of collision limits when any new 

reactions added. For reactions 1-5 in Table 1, CLC violations were found for the forward 

pressure independent rate parameters, while for reactions and 7-10, violations were found for 

the reverse pressure independent rate parameters. Reactions 6 and 11 are both pressure 

dependent falloff reactions for which the forward and reverse rate coefficients, respectively, 

exceeded collision limits. All the PLOG reaction rates in AramcoMech 1.3 were found to be 

within collision limits.  

 

Table 1 – List of reactions and corresponding temperature range in which CLC violations were identified 

for AramcoMech 1.3.  Reactions were only screened at temperatures between 300 K and 2000 K. 

Rxn. No Reaction Temperature range (K) 

           Forward 

1 H2O + OH* => H2O + O 300 - 2000 

2 OH + OH* => 2 OH 300 - 2000 

3 CO2 + OH* => CO2 + OH 300 - 400 

4 CO + OH* => CO + OH 300 - 400 

5 CH + CH2O => CH2CO + H 300 

6* C2H + H (+M) => C2H2 (+M) 300 - 2000 

           Reverse 

7 2 C2H4 <= C2H3 + C2H5 300 

8 O2C2H4OH <= O2 + PC2H4OH 300 - 400 
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9 HO2CH2OCHO <= OCH2OCHO + OH 300 - 2000 

10 NC3H7O2H <= NC3H7O + OH 300 - 2000 

11* CH3OH (+M) <= CH2OH + H (+M) 300 - 500 

* - collision limit calculated at high pressure limit 

 

To demonstrate the utility of our CLC tool and supporting scripts, we further investigated the 

reactions presented in Table 1 and the source of errors. Reactions 1-4 are included in 

mechanism to simulate chemiluminescence of OH*; this sub-mechanism is derived from the 

work of Kathrotia et al.52 The rates for reactions 1-4 were originally obtained from Tamura et 

al.53 on collisional quenching in low pressure flames, which determined quenching rate 

coefficients for OH* with various collider species (e.g., CO2, H2O, CO). They noted that 

quenching rates provided are for the =0 level of the electronically excited OH* and that higher 

vibrational levels are not considered. Due to these uncertainties, and the fact that 

chemiluminescence reactions contribute little to the main combustion chemistry pathways52, 

we did not attempt to resolve non-compliance in chemiluminescence reactions.  

 

All the other rates in Table 1 were changed to comply with their collision limits. Reactions 5 

and 7 exceed collision limits at low temperatures of 300 K; therefore, the Arrhenius fitting 

parameters were modified to constrain the rate at 300 K to the collision limit value while 

maintaining the same rate at other temperatures. Reaction 6 has pressure dependent parameters 

in the TROE formalism, for which the high pressure limit exceeds the collision limit. To resolve 

this discrepancy, the high pressure limit was changed to that provided by Harding et al.54, which 

does not exceed collision limit. We found that the thermodynamic data of species in reactions 

8, 9 and 10, except O2 and OH, were updated in later versions of AramcoMech. Incorporating 

these changes into AramcoMech 1.3 made these reactions collision limit compliant. For 

reaction 11, the high pressure limit Arrhenius parameters were modified to fit within the 

collision limit from 300-500 K, while keeping the same rate at other temperatures. The 

modified AramcoMech 1.3 mechanism with the aforementioned modifications is provided as 

Supplementary Material. 

 

3.2 Screening models for ultra-fast timescale analysis of AramcoMech 

 

3.2.1 The AramcoMech 2.0 kinetics mechanism 

 

Next, AramcoMech 2.0 was selected for an extensive timescale analysis, for a number of 

reasons. First, it was validated against a wide range of operating conditions, and is widely used 

in the combustion community. Secondly, it includes chemistry from C1 up to C4, offering the 

opportunity to assess the response of the ultra-fast timescales to different mixture compositions. 

Finally, it is a mechanism of medium size (493 species and 2716 reversible reactions); small 

enough for the computationally expensive analysis and sufficiently large for the development 

of ultra-fast timescales, which usually emerge in mechanisms of medium to large sizes. 
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The analysis was performed on the basis of a batch reactor model (constant volume) in a wide 

range of initial conditions in the parametric space (0.1 < 𝜑 < 6.0, 600𝐾 < 𝑇(0) < 2200𝐾, 

0.6𝑎𝑡𝑚 < 𝑝(0) < 100𝑎𝑡𝑚), and the following fuels were tested, in a total of more than 400 

different sets of initial conditions: CH4, C2H6, C3H8, C2H4, C2H2, C2H5OH, C3H6, CH2O, 

CH3CHO, CH3COCH3, CH3OH, CH3OCH3, iC4H10, iC4H8. Both the generation of the batch 

reactor solution and the analysis were performed using CSPTk55, a software employing the 

TChem package56 for the thermo-kinetic database management. Considering the large dynamic 

range of the system’s eigenvalues, results will be shown in logarithmic scale as follows:  

𝛬𝑖 = 𝑠𝑖𝑔𝑛(𝜆𝑖) ∙ 𝑙𝑜𝑔10|𝜆𝑖| 

In the following, only 3 cases will be analyzed and reported in detail, but their results are 

representative of the findings identified in all studied cases. Figure 1 displays with red and 

black colors the evolution of the system’s temperature and the ten fastest eigenvalues, 

respectively, for three different mixture compositions, representative of the low, intermediate 

and high temperature regimes:  

• CH3OCH3/air, 𝑝(0) = 25.7 𝑎𝑡𝑚, 𝑇(0) = 600 𝐾, 𝜑 = 2.0 

• iC4H8/air, 𝑝(0) = 30.0 𝑎𝑡𝑚, 𝑇(0) = 1,100 𝐾, 𝜑 = 1.0 

• CH4/air, 𝑝(0) = 4.1 𝑎𝑡𝑚, 𝑇(0) = 1,724 𝐾, 𝜑 = 0.1 

 

It is shown that, in terms of fast timescales, the intermediate and high temperature cases look 

similar, i.e. in both cases only one eigenvalue appears to have an absolute value larger than 15, 

which is the threshold for 1 fs (in both cases |𝛬1| ≈ 19). On the other hand, in the low 

temperature case, two eigenvalues appear to have absolute value larger than 15; |𝛬1| ≈ 18 and 

|𝛬2| ≈ 16. Notice also that in the intermediate and high temperature cases, there is a large gap 

between the first and the second eigenvalues (i.e., 𝛬1 ≪ 𝛬2). Figure 1 also shows that in all 

three cases all fast time scales do not change significantly up to ignition, i.e., they retain the 

same order of magnitude. 

 

Using the TPI diagnostics, the reactions related to the formation of the ultra-fast time scales 

were identified. In all cases, regardless the initial temperature, the largest TPI of 𝜏1 (i.e., the 

system’s fastest time scale) was identified to be reaction 1838b (𝐶4𝐻7(1−3) + 𝐶2𝐻3𝐶𝑂𝐶𝐻3 ←

Figure 1: The evolution of temperature and the developing ten smallest eigenvalues with red-dashed 

and black-solid lines, respectively, for CH3OCH3/air (p(0)=25.7 atm, T(0)=600 K, φ=2.0) on the left, 

iC4H8/air (p(0)=30.0 atm, T(0)=1,100 K, φ=1.0) in the middle and CH4/air (p(0)=4.1 atm, T(0)=1,724 

K, φ=0.1) on the right. 
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𝐶8𝐻13(1−5,3,𝑇𝐴𝑂)𝑂) by 100%. The TPI for the second fastest time scale, i.e 𝜏2, for the cases 

that it was determined to be ultra-fast, i.e., when 𝜏2 < 1 𝑓𝑠, was identified reaction 893b 

(𝐶3𝐻2(𝑠) + 𝑀 ← 𝐶3𝐻2 + 𝑀) by 100%. Both findings were consistent with all model fuels, for 

all tested initial conditions.  

 

Both 1838b and 893b are reverse reactions and no Arrhenius coefficients are provided in the 

kinetics mechanism. Therefore, their rate constants are calculated based on the related forward 

and equilibrium constants. Also, 1838b is a unimolecular decomposition reaction, implying 

that the ultra-fast timescale is a result of an increased reverse rate constant. On the other hand, 

893b is an excitation reaction (𝐶3𝐻2 is excited to 𝐶3𝐻2(𝑠)) including one reactant plus a 

“second body”, 𝑀. Since no efficiency factors are provided for 893b, all species contribute 

equally as third bodies, thus its reaction rate will be calculated by: 

𝑅893𝑏 = [𝑀𝑖𝑥𝑡] ∙ 𝑘893𝑏 ∙ [𝐶3𝐻2] 

where [𝑀𝑖𝑥𝑡]  stands for the mixture’s total concentration and [𝐶3𝐻2]  represents the 

concentration of 𝐶3𝐻2. Considering that [𝐶3𝐻2] << [𝑀𝑖𝑥𝑡], it is expected that the maximum 

value in the elements of the 𝛁(�̂�893𝑏𝑅893𝑏)  matrix will be [𝑀𝑖𝑥𝑡] ∙ 𝑘893𝑏 . Since 

[𝑀𝑖𝑥𝑡]~𝒪(10−4) − 𝒪(10−3) and |𝛬2| ≈ 16 it is reasonable to expect 𝑘893𝑏~ 𝒪(1019) −

𝒪(1020). Note that all the rates and orders discussed in CSP analysis are in CGS units. 

 

Table 2 includes the largest rate constants for the three discussed cases at the beginning of each 

simulation. It is seen that 1838b and 893b are always on the top of this list. Note also that 1838b 

is the only unimolecular decomposition reaction in the list and that the rate constant value of 

893b meets our expectation in the low temperature case (DME/air). Reactions like 2016b and 

389f have very large rate constants but they include two reactants each, therefore, their reaction 

rate gradients (i.e., 𝛁(�̂�𝑖𝑅
𝑖)) are significantly decreased. As a result, they do not contribute to 

the generation of any ultra-fast timescales.  

 

Table 2: The largest rate constants for the 3 discussed cases at 𝒕 = 𝟎. With red are the reactions 

identified by the TPI diagnostics to relate the most to the system’s ultra-fast time scales. 

 

 

 

 

 

 

 

 

 

 

 

 

Note also that the rate constants of 893f and 1838f in Table 2 are low. In addition, as Table 3 

shows, the equilibrium constants of 1838 and 893 reactions are not among the smallest ones. 

CH3OCH3/air CH4/air iC4H8/air 

893b 3.76E+19 1838b 3.51E+19 1838b 1.02E+19 

2016b 7.57E+18 389f 5.37E+16 389f 1.26E+17 

1838b 2.16E+18 1832b 3.84E+16 893b 7.11E+16 

389f 3.99E+17 6f 1.18E+16 6f 2.89E+16 

6f 9.72E+16 893b 5.18E+15 8f 4.29E+15 

1830b 2.07E+16 1484f 3.75E+15 1405b 2.12E+15 

2600b 1.59E+16 8f 2.73E+15 1369b 1.61E+15 

882b 1.05E+16 1369b 1.77E+15 1484f 1.10E+15 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

893f 1.00E+13 1838f 1.31E+09 1838f 2.47E+08 

⋮ ⋮     

1838f 5.28E+06     
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Thus, by reviewing solely the Arrhenius coefficients provided in the chemical kinetics 

mechanism and the equilibrium constants, it would be impossible to conclude that reactions 

893b and 1838b may relate to ultra-fast timescales. On the other hand, the flaws in 893b and 

1838b may be identified by reviewing the rate constants of both forward and backward 

reactions and taking into account the unimolecular decomposition or isomerization reactions. 

 

Table 3: The reactions with the smallest equilibrium constants for the 3 discussed cases at t=0. With red 

are the reactions identified by the TPI diagnostics to relate the most to the system’s ultra-fast time scales. 

CH3OCH3/air CH4/air iC4H8/air 

1724 1.03E-17 1594 8.68E-17 1594 1.55E-23 

2339 1.08E-17 1 2.39E-13 2564 1.41E-21 

1689 1.09E-17 662 8.07E-13 1 7.41E-21 

2385 1.10E-17 2152 9.36E-13 662 1.14E-20 

2377 1.13E-17 1403 1.05E-12 1403 1.24E-20 

2334 1.35E-17 2151 4.89E-12 2152 1.57E-20 

1180 1.57E-17 2564 9.51E-12 2151 3.22E-19 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

1838 2.45E-12 1838 3.74E-11 1838 2.41E-11 

⋮ ⋮     
893 2.66E-07     

 

In summary, the timescale analysis of the Aramco 2.0 mechanism revealed the following: 

• The development of the ultra-fast time scales were independent of the initial pressure, 

the stoichiometry and the mixture composition (i.e, the fuel), while notable dependence 

on the initial temperature was observed. 

• An ultra-fast timescale (|𝛬1| ≈ 18 − 19) was identified in all examined cases.  

• A second ultra-fast timescale (|𝛬2| ≈ 16) was identified at low initial temperatures. 

• The TPI diagnostic identified reaction 1838b ( 𝐶4𝐻7(1−3) + 𝐶2𝐻3𝐶𝑂𝐶𝐻3 ←

𝐶8𝐻13(1−5,3,𝑇𝐴)𝑂) to be exclusively related to 𝛬1 and 893b (𝐶3𝐻2(𝑠) + 𝑀 ← 𝐶3𝐻2 +

𝑀) to 𝛬2. 1838b is a unimolecular decomposition reaction while 893b is an excitation 

reaction, with all species efficiencies equal to 1.  

• The rate constants of 1838b and 893b are calculated based on their related forward and 

equilibrium constants (i.e., no Arrhenius coefficients are provided for them). 

• The rate constants of 1838b and 893b were among the largest ones. In fact, no other 

unimolecular decomposition/isomerization reaction was found in the list of the ten 

largest ones. 

3.2.2 Ultra-fast timescale analysis of other kinetics models 

 

A similar analysis of ultra-fast timescales was conducted for several other large chemical 

kinetic models for biodiesel57, tetrahydropyran58, and gasoline surrogates59.  For brevity, the 

results and discussion for these analyses are provided in the Supplementary Material. In 

summary, we found that ultra-fast timescales were present in all the kinetic models that we 

tested.  The gasoline surrogates kinetic model59 was developed at KAUST and exemplifies the 

need for kinetic modelers to have access to timescale analysis tools during model development.    
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3.2.3 Impact on computational cost 

 

The existence of ultra-fast timescales has a significant impact on the computational cost, 

especially when the reaction source terms are integrated explicitly. To demonstrate this effect, 

0D and 1D ignition studies of a DME/air and CH4/air mixtures, respectively, were performed 

using both explicit and implicit solvers. 

 

The KAUST Adaptive Reacting Flow Solver (KARFS) was employed for all the simulations 

shown in this section. KARFS is a high-fidelity code for direct numerical simulations of 

combustion, which solves the fully compressible Navier-Stokes, species and energy 

equations60. The major advantages of KARFS against other CFD codes are its performance-

portable capabilities for multi- and many-core heterogeneous platforms. In addition, the 

employed Kokkos framework61 allows KARFS to utilize the same source code on CPUs and 

GPUs while maintaining performance comparable to the code that is optimally tuned to either 

processing unit60. In the following, spatial discretization was carried out by an eighth-order 

central difference scheme.  

 

To quantify the impact of ultra-fast timescales on the computational cost, in the Aramco 2 

mechanism, reaction 1838b (which was identified to be solely related to the system’s ultra-fast 

timescale in all operating conditions) was eliminated. This truncated mechanism is referred to 

as the “trimmed model”, and the results were compared against the full original model. The 

comparison was done on the basis of three different integration techniques: (a) explicit fourth-

order Runge-Kutta (RK4) scheme with fixed timestep, (b) explicit RK4 with variable timestep, 

using the proportional-integral-derivative (PID) control theory, and (c) operator splitting 

method, employing implicit integrator (CVODE) for the chemical kinetics and RK4 for the 

transport (in the 1D case).    

 

The analysis revealed that in the 0D ignition of DME/air (𝑇(0) = 1,300𝐾, 𝑝(0) = 50𝑎𝑡𝑚, 

𝜑 = 1.0) the average wall clock time per integration timestep was the same between the 

Figure 2: The evolution of dt and the physical time against the number of time-steps for the original and 

the trimmed Aramco 2 mechanisms during the 0D ignition of DME/air at p(0)=50atm, T(0)=1,300K and 

φ=1.0. In both cases, the RK4 scheme with variable timestep was utilized. Both simulations run for the 

same total number of timesteps (500,000). 
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original and the trimmed models when an implicit solver (CVODE) was used (in both cases 

the total number of timesteps was set to 5,000). On the other hand, when the RK4 scheme was 

used with fixed timestep, the trimmed model could be integrated with a timestep 𝑑𝑡 =

1 × 10−14 𝑠 but in the case of the original model, the largest possible timestep was 𝑑𝑡 =

2 × 10−19 𝑠 for stable time integration. Note that in both cases, the simulations did not reach 

ignition, since this would require a significant amount of CPU time. Instead, they were run for 

a sufficiently large number of timesteps (500,000). The difference in the computational cost 

between the two mechanisms became pronounced when RK4 was used with variable timestep, 

as shown in Fig. 2. In this case, the average timestep (in the course of 500,000 total timesteps) 

was 𝑑𝑡~𝒪(10−19) 𝑠  and 𝑑𝑡~𝒪(10−14) 𝑠  for the original and the trimmed models, 

respectively, which correlate perfectly to the system’s fastest timescale for each case, as 

described in the previous subsection. As a result, it becomes obvious that the trimmed model 

reaches significantly much longer physical time after 500,000 timesteps.  

 

Similar findings were obtained for the 1D ignition problem as well. For both mechanisms, the 

domain was discretized by a uniform Cartesian grid of 960 points and the domain size was 9.6 

mm. The selected mixture was CH4/air with 𝑝(0) = 1 𝑎𝑡𝑚 and 𝜑 = 1.0, while temperature 

was initialized with a gaussian distribution from 800K to 2100K. Finally, both boundaries were 

modelled as nonreflecting outflows using the Navier-Stokes characteristic boundary conditions 

(NSCBC)62. As observed in the 0D problem, the implicit solver was insensitive to the 

truncation of the ultra-fast timescale, while a significant impact on the computational time was 

highlighted when the explicit solver was utilized. In particular, with fixed timestep size, 

stability of the integration scheme demanded a timestep of 𝑑𝑡 = 5 × 10−20 𝑠 in the case of 

the original mechanism and 𝑑𝑡 = 2 × 10−15 𝑠 for the trimmed chemical model. As in the case 

of 0D ignition, the simulations were run for a sufficiently large number of time steps 

(~190,000). The results with the variable timestep are shown in Figure 3, where the behavior 

was found to be consistent with those obtained in the case of fixed timestep. With variable 

timestep, the average timestep (in the course of 500,000 total timesteps) was 𝑑𝑡~𝒪(10−20) 𝑠 

and 𝑑𝑡~𝒪(10−14) 𝑠 for the original and the trimmed models, respectively. Consequently, the 
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original mechanism reaches a significantly smaller physical time compared to the trimmed one 

in the course of 500,000 timesteps.  

 

The above results clearly demonstrated that the identification and revision of the reactions that 

generate ultra-fast timescales can have a tremendous impact in the computational time when 

explicit solvers (with fixed or variable timesteps) are used. As for the implicit time integration 

schemes, the ultra-fast timescales did not appear to have a significant effect on the 

computational efficiency. However, the tests were done in a simple 0D and 1D cases, and the 

CVODE solver based on the backward differentiation scheme is usually robust in following 

the ignition transient which is the only dominant dynamics of the problem. For a general 3D 

turbulent combustion simulation in which the relevant physical time scales for turbulent eddies, 

flames, and acoustic interaction become much shorter, while the physically correct CLC-met 

reaction mechanisms are limited to the fast time scales at picoseconds or slower, the 

computational efficiency of the straightforward explicit scheme versus the operator-splitting 

implicit scheme must be assessed carefully. In any case, the chemical time scales exceeding 

the collision limit are unphysical and must be avoided in reliable kinetic models. 

 

4. Summary and Conclusions 

 

The present study presented a systematic investigation of CLC and ultra-fast timescales 

encountered in detailed kinetic models that are widely applied to combustion simulations. 

Examples of typical scenarios causing such violations were presented and summarized in 

detail. Key observations are summarized as: 

• CLC violations were identified using the tools provided here, and freely available to 

users on CloudFlame website and GitHub. This facilitates the identification of sources of error 

and subsequent correction. 

• Ultra-fast timescales can develop in mechanisms of any size. However, large scale 

mechanisms (i.e., including hundreds of species) are more likely to present such features. 

Figure 3: The evolution of dt and the physical time against the number of time-steps for the original and 

the trimmed Aramco 2 mechanisms during the 1D ignition of CH4/air at p(0)=1atm and φ=1.0. In both 

cases, the RK4 scheme with variable timestep was utilized. Both simulations run for the same total number 

of timesteps (~190,000). 
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• The ultra-fast timescales are usually generated by reverse unimolecular 

decomposition/isomerization reactions (i.e., with one reactant) with their rate constants being 

calculated based on the related forward and equilibrium constants. In such cases, the reverse 

rate constants are among the largest ones, while the forward and the equilibrium constants may 

have regular values. 

• Reactions with rate constants larger than O(1020) are likely to generate ultra-fast 

timescales.  

 

One of the key findings in this study was that ultra-fast timescales commonly appear in large 

scale mechanisms consisting of a few hundreds of species or more. This is reasonable because 

in smaller mechanisms, most of the parameters are well documented and experimentally 

measured. On the other hand, larger mechanisms contain chemical pathways for which little 

information is known and analogies are often used to estimate rate parameters and 

thermochemistry. In such cases, the estimated parameters are often modified based on their 

ability to fit global observables of the system, such as the ignition delay time. Consequently, 

the model may be able to predict the global quantities better while the many optimized rate 

constants are more likely to cause unrealistic artifacts at the molecular level, such as timescales 

faster than 1 fs. In this paper, we took a simple approach of deleting the faulty reactions, but 

this is not the ideal solution. Rather, reactions related to these ultra-fast timescales should be 

identified and have their rate constants properly modified to be within realistic timescales. 

 

In today’s combustion research community, detailed kinetic models can be quickly developed 

and tested in software like Chemkin Pro63, which circumvents the computational stiffness 

issues by utilizing implicit solvers like CVODE64. On the other hand, state-of-the-art high 

fidelity multi-dimensional simulations use smaller mechanisms in the size of tens of species, 

which have been significantly reduced from a detailed model and in some cases quasi-steady 

state assumptions were introduced, for an a priori stiffness removal15,18. With the advances in 

the high performance computing at the exascale, along with the acceleration offered by the 

manycore architecture, such large scale turbulent combustion simulations are starting to 

employ much larger kinetic mechanisms to predict realistic combustion systems. In particular, 

the CPU/GPU hybrid architecture offers an opportunity to accelerate the simulations without 

having to resort to expensive and iterative implicit time integration schemes60, and in such 

cases the need for CLC-met reaction mechanisms is more important. 

 

Therefore, there is a growing need in the combustion community that chemical kinetic 

mechanisms are developed by complying with the fast time scales within physical limits. We 

suggest that kinetic models be screened for CLC and ultra-fast timescales and erroneous 

reaction rates be revisited accordingly. The former screening can be easily performed using our 

CloudFlame website tool. For the latter, from a CFD perspective, we suggest that published 

kinetic models be accompanied by stiffness measurements or tests with explicit solvers. This 

could be performed by experts in the field using specific analytical tools such as CSP.  
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List of Tables: 
 

Table 1 - List of reactions and corresponding temperature range in which CLC violations were 

identified for AramcoMech 1.3.  Reactions were only screened at temperatures between 

300 K and 2000 K. 

 

Table 2 - The largest rate constants for the 3 discussed cases at t=0. With red are the reactions 

identified by the TPI diagnostics to relate the most to the system’s ultra-fast time scales. 

 

Table 3 - The reactions with the smallest equilibrium constants for the 3 discussed cases at t=0. 

With red are the reactions identified by the TPI diagnostics to relate the most to the 

system’s ultra-fast time scales. 

 

List of Figures: 
 

Figure 1 - The evolution of temperature and the developing ten smallest eigenvalues with red-

dashed and black-solid lines, respectively, for CH3OCH3/air (p(0)=25.7 atm, T(0)=600 
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K, φ=2.0) on the left, iC4H8/air (p(0)=30.0 atm, T(0)=1,100 K, φ=1.0) in the middle 

and CH4/air (p(0)=4.1 atm, T(0)=1,724 K, φ=0.1) on the right. 

 

Figure 2 - The evolution of dt and the physical time against the number of time-steps for the 

original and the trimmed Aramco 2 mechanisms during the 0D ignition of DME/air at 

p(0)=50atm, T(0)=1,300K and φ=1.0. In both cases, the RK4 scheme with variable 

timestep was utilized. Both simulations run for the same total number of timesteps 

(500,000). 

 

Figure 3 - The evolution of dt and the physical time against the number of time-steps for the 

original and the trimmed Aramco 2 mechanisms during the 1D ignition of CH4/air at 

p(0)=1atm and φ=1.0. In both cases, the RK4 scheme with variable timestep was 

utilized. Both simulations run for the same total number of timesteps (~190,000). 
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