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EXECUTIVE SUMMARY

The development of chemical kinetic models has become a main area of combustion research, 
necessitated by the fact that these models describe the chemical kinetics of combustion 
processes more accurately than global reaction models. Developing chemical kinetic models 
has attracted increased research activity in measuring key combustion properties, such as 
ignition delay times and laminar burning velocity, mechanistic exploration of new reaction 
pathways, and evaluation of the propensity of biofuels to emit pollutants such as CO, NOx, 
SOx, soot, and particulate matter. Modeling efforts are further prompted by the need for 
combustion models of emerging fuels such as biofuels.1 

Fuel-flexible combustion technology is advanced through validated kinetic models, which can 
be used for computer-aided development of novel combustion engines, ultimately aimed at 
the development of clean and efficient transportation systems. Numerical modeling is one of 
the most powerful tools used for that purpose, as it provides flexibility and low cost compared 
to experimental characterization. The synergy between chemical kinetic mechanisms and 
three-dimensional computational fluid dynamics (3D-CFD) flow simulations is necessary for 
the simulation of combustion and emissions behavior of second-generation biofuels as well 
as their blends with conventional fuels in existing compression ignition (CI), spark ignition 
(SI), dual-fuel and homogeneous charge compression ignition (HCCI) engines.

However, the use of chemical kinetic models for combustion and emission simulations 
requires efforts to overcome two main challenges. The first challenge is that simulating 
main combustion properties such as ignition delay time and laminar burning velocity require 
different types of numerical models, as these are two separate combustion problems that 
occur at different settings. Simultaneous simulations of such properties require exploring 
a potential link. Such a link can particularly facilitate estimation of the flame propagation 
behavior of fuels from knowledge of their auto-ignition behavior, which are two separate 
combustion problems.

The second challenge is reducing the computational cost, as the use of the resulting chemical 
kinetic models in computational combustion analysis is limited by their large sizes. Chemical 
kinetic models often contain tens of thousands of reactions among hundreds or thousands 
of species. Coupling these to the turbulent flows characteristic of combustion is therefore 
challenging. One approach to decrease the computational cost of detailed models is to 
reduce them to smaller sizes while retaining prediction capabilities of practical interest.2 The 
motivation behind the sustained search for methods of mechanism reduction is to enable 
researchers in the combustion field to conveniently obtain reduced models efficiently without 
necessarily acquiring skills in chemical kinetic modeling. While most existing methods 
do not require detailed chemical kinetic insight, the methods tend to require substantial 
programming, judging from the few research groups using the proposed methods. 

This work provides an attempt to address these two challenges. To address the challenge of 
linking auto-ignition and flame propagation simulations, a characteristic flame time, defined in 
the thermal flame theory, is determined from thermal diffusivity and laminar burning velocity. 
Parametric dependence of flame time and ignition delay time on pressure, temperature 
and equivalence ratio is examined based on validated chemical kinetic mechanisms for 
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methane, propane, and ethanol. This is done to explore similarities and differences between 
the two characteristic times and their dependence on combustion conditions, and eventually 
to developing a correlation between flame time and ignition delay time. Such a correlation 
enables the prediction of laminar burning velocity of a given fuel under a specific condition 
based on ignition delay time knowledge, and it therefore enables simultaneous simulation of 
both properties.

The second challenge is addressed in a chemical kinetic modeling study of the high-
temperature ignition behavior of Tetrahydrofuran (THF), a promising second-generation 
transportation biofuel. THF was chosen as the fuel of interest to represent second-generation 
biofuels, an environmentally friendly alternative to fossil fuels and one which can replace 
them without major engine modifications. Such biofuels have a great potential for production 
from sugars and biomass,3 unlike alcohols that are mostly manufactured from edible sources 
such as corn. These properties promote second-generation biofuels as alternative fuels, 
especially in the transportation sector, which accounts for 21% of global energy consumption.4 
The Stochastic Species Elimination (SSE) reduction approach is implemented to develop 
multiple skeletal versions of a chemical kinetic model of THF based on ignition delay 
time simulations at various pressures and temperatures as detailed in the literature. The 
developed skeletal versions are combined into a global skeletal model. Ignition delay times 
are simulated using detailed and skeletal models, with good agreement observed at higher 
temperatures. Sensitivity analysis is then performed to identify the most important reactions 
responsible for the performance of the skeletal model. Reaction rate parameter modification 
is performed for such reactions in order to improve the agreement of detailed and reduced 
model predictions with experimental ignition data from the literature.

The proper chemical kinetic modeling of the combustion and emission behavior of second-
generation biofuels would identify potentially favorable characteristics of such fuels relative to 
conventional fossil fuels used in the transportation sector, both qualitatively and quantitatively. 
This work contributes toward improved understanding and modeling of the oxidation kinetics 
of conventional and bio-derived transportation biofuels, as well as the estimation of laminar 
burning velocity that can be encountered in turbulent combustion simulations. This in turn 
would be a helpful effort towards reducing the impact of the transportation sector on the 
environment and climate change, which is one of the main objectives of California’s cap-and-
trade program (SB-1 Objective 5). The findings of such modeling effort would provide invaluable 
information that can support and improve the decision-making processes surrounding 
transportation-related issues. For instance, the results of this project can provide valuable 
information to the governmental agencies in California, such as the California Air Resources 
Board, with respect to the estimated emission levels of furans combustion. Additionally, the 
results of this project can promote the mass-production of furans from biomass, which can 
be helpful to the farming businesses in the Central Valley and beyond, as agricultural waste 
is a main feedstock for cellulose, necessary for the production of furans. 
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I.  INTRODUCTION AND MOTIVATION

The development of detailed and reduced chemical kinetic models has become a main 
area of combustion research. Compared with global reaction models, such models can 
reasonably describe the chemical kinetics of the combustion processes. Increased research 
activity is currently focused on chemical kinetic model development through the experimental 
investigation of fundamental combustion properties, such as ignition delay times and laminar 
burning velocity, mechanistic exploration of new reaction pathways, and evaluation of the 
emission propensity of biofuels for pollutants such as CO, NOx, SOx, soot, and particulate 
matter. The emergence of fuels such as second-generation biofuels, which have the potential 
to be used for the transportation industry, prompt further modeling efforts to enable the 
simulation of combustion events of such fuels.5 

Second-generation biofuels, such as tetrahydrofuran (THF), are an environmentally friendly 
alternative to fossil fuels and can substitute them without major engine modifications. 
Moreover, they have significantly lower greenhouse gas emissions than fossil fuels, because 
of CO2 recycling through agricultural activities.6 In addition, they have superior energy 
densities, engine knock resistance, and Research Octane Numbers (RON) to first-generation 
biofuels, such as bio-alcohols,7 making them promising spark ignition (SI) engine fuels. 
Also, they have a great potential for production from sugars and biomass,8 unlike alcohols 
that are mostly manufactured from edible sources such as corn. These properties promote 
second-generation biofuels as alternative fuels, especially in the transportation sector, which 
accounts for 21% of global energy consumption.9

Validated chemical kinetic models contribute to the advancement of fuel-flexible combustion 
technology, since they can be used for computer-aided development of novel combustion 
engines, ultimately leading to the development of cleaner and more efficient transportation 
systems. Numerical simulation is a powerful tool that can be used for that purpose. Compared 
to experimental characterization, numerical modeling is more flexible and less expensive. The 
synergy between chemical kinetics mechanisms and three-dimensional computational fluid 
dynamics (3D-CFD) flow simulations is necessary for the simulation of the combustion and 
emissions behavior of second-generation biofuels as well as their blends with conventional 
fuels in existing compression ignition (CI), spark ignition (SI), dual-fuel and homogeneous 
charge compression ignition (HCCI) engines.

The estimation of laminar burning velocity of premixed flames is also one of the most 
commonly encountered combustion problems, since laminar burning velocity is an 
important means of combustion characterization. Turbulent combustion simulations can be 
supported by this estimation, which serves as a front-tracking method to approach the more 
complicated turbulent combustion problem. Laminar flame front can be used in this case as 
computational degrees of freedom. The purpose of this approach is eliminating the possibility 
of discontinuities in the thermal state, concentration, or thermodynamic phase that can result 
from the application of Eulerian advection methods.10

However, two main challenges to the development and use of chemical kinetic models are 
present. The first challenge is the fact that various reactor models are needed for the modeling 
and simulation of different combustion problems. For example, the simulation of flame 
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propagation behavior and auto-ignition behavior are fundamentally two separate combustion 
problems that take place in different reactor types. In addition, the mass transport properties 
of involved species are crucial for flame speed simulations, in addition to the thermodynamic 
properties and reaction rate constants that are necessary for estimating ignition delay time.

The thermal flame theory11 provides mathematical descriptions of the propagation of stationary 
one-dimensional premixed flames. The results of this theory enable the characterization of 
flame propagation using the time during which the flame front travels by a single flame 
thickness, referred to as the flame time. According to the thermal flame theory, flame time 
is a function of the mixture’s thermal diffusivity and the laminar burning velocity. As a result, 
some level of similarity can be established between the flame propagation problem and the 
auto-ignition problem, as both problems can be characterized by a time scale.

Therefore, it is necessary to explore the dependence of flame time on combustion 
process parameters such as temperature, pressure, and mixture composition. The 
two determinants of flame time, thermal diffusivity and laminar burning velocity, are 
both temperature- and pressure-dependent. By establishing comparative parametric 
dependence profiles of flame time and ignition delay time on such parameters, a 
correlation can be developed to link both characteristic times, which ultimately results in 
the possible prediction of flame times, and subsequently laminar burning velocity, from 
ignition delay time at a specific condition. The development of such correlations can 
enable researchers to design a machine learning process to estimate laminar burning 
velocity from ignition delay time and adiabatic flame temperature.

Another challenge to chemical kinetic modeling of combustion events is that the use of 
the chemical kinetic models in computational combustion simulations is limited by their 
large sizes, which necessitates efforts for computational cost reduction. Chemical kinetic 
models typically contain thousands of reactions between hundreds or thousands of species, 
which means a huge number of ordinary differential equations to solve simultaneously. 
Coupling these with the already complex and turbulent nature of combustion is even more 
challenging. Model reduction is an approach that is used to decrease the computational cost 
of detailed models by reducing them to smaller sizes while retaining predictive performance 
of interest.12 Sustained search efforts to develop methods of mechanism reduction aim at 
providing combustion researchers with convenient ways to reduce models efficiently with 
little to no expert knowledge in chemical kinetics, such as the Directed Relations Graph 
(DRG) method,13 in which the important species are identified by their direct effect on the 
concentration of a target species, most commonly the fuel. Other methods include DRG 
with error propagation analysis (DRGEP)14 and species sensitivity analysis (DRGASA),15 
DRG with expert knowledge (DRGX),16 as well as the sensitivity-based Stochastic Species 
Elimination (SSE) approach,17 which was recently developed, validated, and used to produce 
reduced versions of detailed models of n-heptane, iso-octane and n-octanol.18 However, 
even in the case of existing reduction methods that do not require detailed chemical kinetic 
insight, substantial programming skills are often required.

This work is an attempt to address the aforementioned challenges to chemical kinetic 
modeling. To address the first challenge, a novel exploratory approach is implemented 
through the calculation of flame times for methane, propane, and ethanol at various pressure, 
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temperature, and equivalence ratio conditions. The first two fuels are representatives for 
linear alkanes used as transportation fuels, while the third is a representative alcohol-based 
transportation biofuel. The comparative dependence profiles of flame time and ignition delay 
time on such parameters are explored. A correlation for flame time estimation from ignition 
delay time is developed and analyzed. 

In addition, the second challenge is addressed in a chemical kinetic modeling study of the 
high-temperature ignition behavior of Tetrahydrofuran (THF). Stochastic Species Elimination 
(SSE) reduction approach is used to develop multiple reduced versions of a detailed chemical 
kinetic model of THF from the literature, based on ignition delay time simulations at various 
pressures and temperature conditions. The developed reduced versions are combined into 
an overall skeletal model. Ignition delay time simulations are performed using detailed and 
skeletal models. Sensitivity analysis is performed to identify the most important reactions 
responsible for the performance of the skeletal model. Reaction rate parameters are modified 
for such reactions in order to improve the predictive performance of detailed and reduced 
models compared with experimental ignition data from the literature.

The findings of this work should be of interest to agencies and businesses interested in 
testing the combustion and emission behavior of potential transportation fuels, such as 
governmental environment protection agencies, the oil and petrochemical industry, and 
automotive companies. Knowledge of combustion principles and chemical kinetics would 
aid the full comprehension of this report.
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II.  PARAMETRIC DEPENDENCE OF FLAME TIME

METHODOLOGY

Flame propagation can be characterized by flame time  in seconds, which is defined in the 
thermal flame theory as the time a flame takes to propagate by one flame thickness, and it 
can be calculated as follows:

where α is the thermal diffusivity in m2/s and SL is the laminar burning velocity in m/s. The 
thermal diffusivity can be calculated from mixture properties as follows:

where k is the mixture’s thermal conductivity in W/m∙K, ρ is the mass density in kg/m3, and cp 
is the constant-pressure specific heat in J/kg∙K.

The above equations show that the estimation of laminar burning velocity is crucial for flame 
time calculation. For that purpose, laminar burning velocity simulations are carried out in 
CHEMKIN-PRO software package using the PREMIX solver for laminar 1-D premixed 
flames.19 Although simulations that use the PREMIX solver do not output a mixture’s thermal 
diffusivity directly, it is calculated according to equation  by averaging the readily available 
thermal conductivity, density, and specific heat values all over the grid.

This part of the study is aimed at establishing a comparative parametric analysis of flame 
time with another combustion property of the same nature used to characterize a different 
combustion problem, such as auto-ignition delay time (τi). For this purpose, ignition delay 
time simulations are also performed using CHEMKIN-PRO’s constant-pressure closed 
homogeneous batch reactor and SENKIN solver.20 The temperature chosen for performing 
such simulations is the average of the unburnt and adiabatic flame temperatures, referred to 
as the critical temperature (Tcr), such that: 

where Tu is the unburnt flame temperature and Tad is the adiabatic flame temperature, both 
in Kelvin. CHEMKIN-PRO’s chemical and phase equilibrium reactor model and the EQUIL 
solver21 are used for adiabatic flame temperature simulations.

Methane (CH4) is chosen as the target fuel for flame time parametric dependence 
investigation to represent simple linear alkanes that are utilized as transportation fuels. 
As a result, flame speed, ignition delay time, and adiabatic flame temperature simulations 
are performed for methane in CHEMKIN-PRO using a chemical kinetic model of methane 
and propane by Petersen et al.22 Since this model lacks transport properties necessary 
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for laminar burning velocity simulations, this work couples the aforementioned model 
with the primary reference fuel (PRF) transport properties from the iso-octane model by 
Mehl et al.23 in flame speed simulations.

Laminar burning velocity simulations for CH4 are performed first at pressures (p) of 1–20 
bars, unburnt gas temperatures of 300–1000 K, equivalence ratios (ϕ) of 0.6–1.6, and a 
dilution ratio (D) of 3.76 which represents the N2/O2 ratio in the mixture. Also, ignition delay 
time simulations are performed at the same conditions of pressure and equivalence ratio, 
and at critical temperatures calculated as shown in equation . Adiabatic flame temperatures 
are calculated in CHEMKIN-PRO’s equilibrium model at the abovementioned pressures and 
equivalence ratios. The variation of both ignition delay times and flame times with critical 
temperature is then compared to explore their comparative temperature dependence trends.

Then, the dependence of flame times on pressure is investigated and compared with that 
of ignition delay times of CH4 by comparing their variation trends with temperatures at 
pressures of 1, 5, 10, and 20 bars and various equivalence ratios. To quantify the pressure 
and equivalence ratio dependence of flame times and ignition delay, a power law in the form 

  is used. The exponents m and n are obtained using separate correlations for both 
flame times and ignition delay times in the form:

where τ is the flame time/ignition delay time in microseconds, p is the pressure in bar, ϕ 
is the equivalence ratio, Ea is the global activation energy in kcal/mol, R is the universal 
gas constant in kcal/mol∙K, and Tcr is the critical temperature in Kelvin. Multiple linear 
regression is then applied to the logarithmic form of the previous correlation to obtain the 
exponents as follows:

Flame times and ignition delay times for CH4 are then compared directly in order to develop 
a correlation between both times using all simulation results at the pressures, temperatures, 
and equivalence ratios mentioned earlier. The purpose of such a correlation is enabling 
the prediction of flame times, and therefore laminar burning velocities for CH4, from ignition 
delay times.

To establish that flame time can be used to establish comparative flame propagation trends 
in the same way ignition delay time is used to compare fuel reactivity, flame times of CH4 
are compared with those for propane (C3H8), a more complex linear alkane compared with 
methane, and ethanol (C2H5OH), a representative transportation biofuel, at similar pressure 
and equivalent ratio conditions. Simulations for propane are performed following the same 
procedure and using the aforementioned model by Petersen et al.24 Ethanol simulations are 
based on the chemical kinetic model by Marinov.25
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RESULTS

In this part, the results of the comparative parametric study for flame time and ignition delay 
time are shown and analyzed in the manner described in the previous section. The variation 
of flame time and ignition delay time with critical temperature for methane is explored next.

Temperature Dependence

Temperature variation trends are explored for both flame time and ignition delay time 
simulations for methane/air mixtures using the model by Petersen et al.26 at pressures of 
1.0–20 bars, equivalence ratios of 0.75–1.25, and unburnt temperature range of 300–1000 
K. ‎‎Figure 1 shows examples of such comparative trends.

Figure 1.	 Flame Time and Ignition Delay Time Variation with Critical Temperature 
for Methane/Air Mixtures (at pressures of 1.0 and 20 bars and equiva-
lence ratios of 0.75 and 1.25)

Figure 1 shows Arrhenius temperature dependence profiles for both flame time and ignition 
delay time; both times are observed to increase with decreasing temperature. ‎Figure 1 also 
reveals that ignition delay times tend to be substantially longer than flame times at lower 
pressures. However, ignition delay times approach flame times at higher temperatures. A 
cross-over effect is observed at a pressure of 20 bars for critical temperatures above 1470 K. 

The observations suggest that while both times exhibit pressure dependence, ignition delay 
time has relatively stronger dependence on pressure than flame time. Therefore, the next 
part will focus on exploring pressure and equivalence ratio dependence of flame time and 
ignition delay time.

Pressure and Equivalence Ratio Dependence

Investigation of the pressure and equivalence ratio dependence of flame times and ignition 
delay times is carried out by comparing calculated flame times and simulated ignition delay 
times for methane/air mixtures at various pressures at the same equivalence ratios and 
unburnt temperature ranges. Estimated flame times for methane/air mixture at pressures 
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of 1.0, 5.0, 10 and 20 bars and equivalence ratios of 0.75 and 1.25 are shown in Figure 2. 
Simulated ignition delay times at the same pressure and equivalence ratio conditions are 
shown in Figure 3.

Figure 2.	 Flame Time Pressure Dependence of Methane/Air Mixtures at Pressures 
of 1.0-20 Bars and Equivalence Ratios of 0.75 and 1.25 

Figure 3.	 Ignition Delay Time Pressure Dependence of Methane/Air Mixtures at 
Pressures of 1.0- 20 Bars and Equivalence Ratios of 0.75 and 1.25

Figure 2 shows the pressure variation profile of methane flame times, showing that flame 
times become shorter at higher pressures for high critical temperatures at all equivalence 
ratios. However, it shows a reversed pressure dependence profile for lean mixtures at lower 
critical temperature, with multiple cross-over effects observed among all four pressures. The 
same effect is observed for stoichiometric mixtures. A similar behavior is observed at rich 
conditions, with shortest flame times consistently observed at a pressure of 20 bar.

Figure 3 shows that the pressure dependence of ignition delay time is much stronger than that 
of flame time, in line with the earlier observation from ‎‎Figure 2. Ignition delay time become 
consistently shorter as pressure increases, and therefore mixture becomes more reactive
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The pressure and equivalence ratio dependence for flame time and ignition delay time is then 
quantified. Multiple linear regression is used to develop a correlation in the form of equation  
for simulated flame times and ignition delay times for methane/air mixture at pressures of 
1.0–20 bar and equivalence ratios of 0.6–1.6, and to estimate pressure and equivalence 
ratio exponents for both times, which can reveal the direction and strength of the correlation 
with both parameters. 

For flame time, the regression yields a pressure dependence exponent of -0.17, compared 
with -0.83 for ignition delay time. This is consistent with the observations from Figure 2 and 
‎Figure 3, confirming the overall trend that both times decrease with increasing pressures, 
and revealing that ignition delay time is more significantly dependent on pressure than flame 
time. Increasing pressure reduces both flame time and ignition delay time, with a more 
significant reduction observed in ignition delay time.

The opposite behavior is observed in the case of equivalence ratio. The regression yields an 
equivalence ratio exponent of 0.97 for flame time, while for ignition delay time the exponent 
is 0.22. This reveals a positive relationship between equivalence ratio and flame time, with 
slower flame propagation for richer mixtures. Opposite to the pressure effect, the equivalence 
ratio effect on flame time is much stronger than that on ignition delay time.

Therefore, the effect of pressure on auto-ignition behavior is more pronounced, while 
flame propagation is more significantly controlled by equivalence ratio than by pressure. 
Equation (6) shows the flame time correlation and equation (7) shows the ignition delay 
time correlation for methane/air mixtures.

These correlations can be used to estimate flame times and ignition delay times from the 
combustion event conditions of pressure, temperature, and equivalence ratio. Raw data at 
multiple pressures and equivalence ratios can also be scaled using these correlations for 
overall reactivity and flame propagation trend exploration.

Flame Time and Ignition Delay Time Correlation

After performing the parametric dependence investigation for flame times and ignition delay 
times, the direct relationship between the two characteristic times is explored. This in order 
to achieve one of the main purposes of this work, which is enabling the prediction of laminar 
burning velocity from ignition delay time knowledge.
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Figure 4.	 Flame Times versus Ignition Delay Times for Methane/Air Mixtures at 
Pressures of 1.0–20 Bar and Equivalence Ratios of 0.6–1.6

‎‎Figure 4 shows the fitting of raw flame time and ignition delay time simulation data for methane/
air mixtures at pressures of 1.0–20 bar, equivalence ratios of 0.6–1.6, unburnt temperatures 
of 300–1000 K, and a dilution ratio of 3.76. The linear trend line shows a positive relationship 
between the logarithms of both times, with a coefficient of determination (R2) of 0.8857. A 
relatively strong positive linear correlation is observed between the logarithms of flame time 
and ignition delay time. A correlation between the two characteristic times can be developed 
in a logarithmic form as follows:

Converting the logarithmic form into a power law correlation between the two times yields 
the following expression:

Comparative Flame Time Trends Among Various Fuels

Flame time predictions of three different fuels are now compared to reveal their comparative 
flame propagation trends. Methane, the main fuel of this study, is compared with propane, 
a representative n-alkane, and ethanol, a representative alcohol and commonly used 
transportation biofuel. This comparison is aimed at establishing the possibility of using flame 
times to establish comparative flame propagation trends among fuels in the same way 
comparative reactivity trends are revealed from ignition delay times.
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Figure 5.	 Flame Times of Methane, Propane, and Ethanol Mixtures with Air at 
Pressures of 1.0 and 10 Bars and Equivalence Ratios of 0.75 and 1.0

Comparative flame time trends are explored for mixtures of methane, propane, and ethanol 
with air, predicted from their respective models,27 at pressures of 1.0, 10, and 20 bar, 
equivalence ratios of 0.75, 1.0, and 1.25, and a dilution ratio of 3.76. Figure 5 shows the 
comparative trends at sample conditions. At all conditions, methane consistently exhibits the 
longest flame times, and therefore it can be characterized with the slowest flame propagation 
among the three fuels.

On the other hand, propane and ethanol exhibit similar flame time trends in most investigated 
conditions. Multiple cross-over events are observed between the two trends. Moreover, Figure 
5 shows the possibility of a cross-over between methane and ethanol at low pressures and 
critical temperatures above 1700 K. This indicates that ethanol may have the slowest flames 
at near atmospheric pressures and higher unburnt gas temperatures.

DISCUSSION

A novel investigation approach is implemented to explore the possibility of establishing a link 
between two separate combustion problems, namely, auto-ignition and flame propagation. 
The investigation resulted in the development of a power law correlation between the time 
scales representing the aforementioned problems. 

Since the main goal for this part of the investigation is the development of a way to establish 
such a link, the findings of this work should be interpreted in the context of being an exploratory 
effort that tests if it would be possible to link two completely different combustion problems. 
This work managed to present a process that leads to establishing a direct relationship 
between flame time and ignition delay time for a specific fuel. Such a process can be 
followed by researchers to develop a similar link for any fuel of interest, which would in turn 
support future efforts for simultaneous simulation of ignition delay time and laminar burning 
velocity. In addition, the parametric dependence correlation reveals the nature of parametric 
dependence of flame time compared with that of a more commonly used combustion time 
scale, which is ignition delay time.
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Therefore, future researchers can utilize the process demonstrated in this work to find a 
direct relationship between flame time and ignition delay time for any fuel of interest, as 
this study succeeded in establishing a direct relationship between the two times. However, 
researchers should exercise caution during the use of the developed correlation for methane 
or any similar correlation resulting from this process for any fuel. The developed power law 
is based on simulations of laminar burning velocity and ignition delay time for a specific fuel, 
methane in this case. Therefore, its use for the prediction of laminar burning velocities from 
ignition delay time would be limited to that fuel, within the ranges of temperature, pressure, 
and equivalence ratio at which the simulations were performed, as is the case with any 
regression-based correlations.

While the developed correlations are fuel-specific, the process itself is generalizable and 
can be used for any fuel of interest, depending on the availability of chemical kinetic models, 
thermodynamic data, and transport parameters for that fuel.
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III.  THF MODEL REDUCTION AND ANALYSIS

METHODOLOGY

In this work, a straightforward model reduction approach will be adopted, which is the newly 
developed Stochastic Species Elimination (SSE) method,28 a modification of the species-
sensitivity-based Alternate Species Elimination (ASE) method.29 The SSE method identifies 
the important species by testing the effect of removing the reactions containing a given 
species on the prediction of a combustion property such as ignition delay time. This is 
achieved using the CANTERA software package by setting the reaction rate multiplier of 
the reactions containing the tested species to zero. The process can be automated over 
all species in a given model. SSE also features random sampling of the species, which 
eliminates the dependence on the “order” of the species in the detailed model. The SSE 
approach is linear, and a smaller model can be obtained at any stage of the reduction by 
terminating the reduction process upon reaching a desired level of reduction. 

For small and medium sized mechanisms (<1000 species), the standard SSE procedure 
can be employed. For larger mechanisms (>1000 species), a multi-stage, multi-species 
SSE approach can be employed by testing randomly generated groups of species, rather 
than single species. The SSE method has shown superior performance compared to its 
predecessor, the ASE method, with up to 34% reduction in the computational time required 
for model reduction.30

The Stochastic Species Elimination (SSE) model reduction approach31 is implemented in this 
work using CANTERA chemical kinetic software package to develop multiple skeletal versions 
of a detailed chemical kinetic model of tetrahydrofuran (THF)32 based on ignition delay time 
simulations at various pressures and temperature ranges. The detailed THF model contains 
441 species and 2470 reactions. The developed skeletal versions are combined into an 
overall reduced model of THF. Ignition delay time and laminar burning velocity simulations 
are performed using detailed and reduced models to explore the agreement of the predictive 
performance of the reduced version(s) with that of the detailed model.

Then, reaction sensitivity analysis is then performed in CANTERA to identify the most 
important reactions responsible for the performance of the reduced model. This analysis is 
performed by multiplying the reaction rate of each reaction by ten, then observing the effect 
of speeding up the specific reaction on the prediction of ignition delay time. For the reactions 
identified as important, reaction rate parameter modification is performed in order to improve 
the agreement of detailed and reduced model predictions with experimental ignition data 
from the literature. Original reaction rate parameters are replaced with other values from 
the literature for the exact reactions or analogous reactions of the same type. The choice of 
values from the literature takes into account whether the reaction needs to be expedited or 
slowed down, based on the results of the sensitivity analysis. Finally, the modified version of 
the reduced model will be tested in ignition delay time and laminar burning velocity simulations 
to verify that the modification worked in the desired direction.
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RESULTS

Reduction Process

Using the SSE technique mentioned earlier in the previous section, multiple runs of 
reduction were performed for the THF model by Fenard et al.,33 which contains 441 species 
and 2470 species. The reduction runs were carried out under a pressure range of 7.7–20 
bar and a temperature range of 750–1200 K. This is in order to produce different reduced 
versions of the detailed model that captures various chemical kinetic profiles of high and low 
temperature combustion at different pressures. This process resulted in the development of 
seven reduced versions of the original THF model, with a number of species ranging from 
120 to 130 species and a number of reactions between 600 and 650.

Then, a global skeletal model is developed from the seven reduced versions previously 
developed. The species and reactions of the seven reduced versions are combined into a 
single model after excluding duplicate common species and reactions. This process results 
in a global skeletal version containing 1151 reactions among 193 species. The purpose of this 
step is developing a global version that captures the combustion chemistry of a wider range 
of pressure and temperature conditions while achieving a significant model size reduction 
compared with the detailed version.

Figure 6.	 Comparison of Ignition Delay Simulations using the Global Skeletal and 
Original THF Detailed Models with Shock Tube data34 for Stoichiometric 
THF/Air Mixtures at Pressures of 6.4 and 9.1 Bar

Ignition delay time simulations are carried out using the global skeletal model and the 
original detailed model for THF/air mixtures at stoichiometric conditions and pressures of 
6.4 and 9.1 bar, as shown in ‎Figure 6. The ignition delay time predictions are compared 
with experimental ignition delay time measurements reported by Fenard et al.35 at the 
same conditions. ‎Figure 6 shows that both versions of the model tend to over-estimate 
ignition delay times compared with experimental data. The predictive performance of 
the skeletal versions has good agreement with the detailed versions at temperatures 
over 1000 K at all pressure conditions. However, as temperature decreases, deviations 
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between both versions become more significant, indicating that the reduction process 
resulted in eliminating some important reaction pathways in the low temperature region.

Sensitivity Analysis

To explore the main reactions responsible for the observed behavior, brute-force reaction 
sensitivity analysis is performed for both versions. First, the reaction sensitivity of both 
versions is compared at an intermediate temperature of 1000 K and a pressure of 9.1 bar. 
The effect of each reaction on the ignition delay time prediction at this condition is investigated 
by multiplying the reaction rate constant for each reaction by 10, proceeding one reaction at 
a time, and a logarithmic sensitivity factor is calculated for each reaction and compared, as 
shown in ‎Figure 7.

The sensitivity analysis reveals that the three most sensitive reactions in both versions are the 
ring opening of the tetrahydrofuran-3-yl radical (cy(OCCJCC) in the model), in addition to two 
termination reactions involving O, H, and OH radicals. These three reactions exhibit positive 
sensitivity coefficients, indicating that they inhibit reactivity at these conditions. Another 
important reaction in both versions is the branching reaction between atomic hydrogen and 
molecular oxygen, with a negative sensitivity coefficient that indicates a reactivity enhancing 
behavior, which is expected as this reaction results in the production of free radicals of O and 
OH, and therefore this production leads the chain reaction to proceed at a faster rate.

However, some deviations between the skeletal and detailed models can be observed from 
‎Figure 7. It shows that the bimolecular initiation reaction C3H6 + O2 ↔ C3H5-a + HO2 and 
the subsequent termination reaction of the allyl radical (C3H5-a) to form 1-butene (C4H8-1) 
are sensitive and reactivity inhibiting in the skeletal model only, while this pathway does 
not appear to be significant in the predictions of the detailed model. On the other hand, a 
number of branching reactions involving ethylenyl radical (C2H3) production or consumption 
are observed to only be significant in the detailed version. The isomerization reaction of the 
tetrahydrofuran-3-peroxy radical (denoted JOOcy(CCOCC) in the model) through H-atom 
shift from gamma position is also significant in the detailed version only with a reactivity 
enhancing effect.
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Figure 7.	 Brute-force Reaction Sensitivity Analysis using Detailed and Global 
Skeletal Versions for Stoichiometric THF/Air Mixture at 9.1 Bar and 1000 K

It is also informative to explore the most important reactions from the skeletal model 
perspective, but at different temperature ranges, to explore and understand the relevant 
combustion pathways as temperature varies. This is particularly important to identify the 
pathways that lead to the observed deviation between skeletal and detailed models at lower 
temperatures. For this purpose, sensitivity analysis is performed using the skeletal model at 
a pressure of 9.1 bar and a low temperature of 700 K, an intermediate temperature of 1000 
K, and a high temperature of 1300 K, as shown in ‎Figure 8. 

The reaction H + O2 ↔ O + OH is observed to be the most sensitive reaction with a reactivity 
enhancing effect for intermediate and high temperatures, with very low importance at low 
temperatures. This indicates that the formation of a radical pool is a significant pathway 
at intermediate and high temperatures, while low temperatures do not favor this pathway, 
suggesting a more pyrolytic reaction pathway for THF at low temperatures. The results also 
show that H-abstraction from THF favors the formation of the tetrahydrofuran-2-yl radical 
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(denoted cy(OCJCCC) in the model) over its isomer tetrahydrofuran-3-yl. This may indicate 
that enhancing the importance of the pathways leading to tetrahydrofuran-3-yl production at 
low temperatures can lead the skeletal model to predict higher reactivity at these conditions.

 
Figure 8.	 Brute-force Reaction Sensitivity Analysis using Skeletal Model for 

Stoichiometric THF/Air Mixture at 9.1 Bar and Temperatures of 700, 1000, 
and 1300 K

At low temperatures, H-abstraction from THF is carried out mostly by the hydroperoxyl 
radical (HO2), while H-abstraction by the hydroxyl radical (OH) is more significant at higher 
temperatures as more OH is produced during initiation. The combination of hydroperoxyl 
radicals to form hydrogen peroxide (H2O2) and molecular oxygen is a reactivity enhancing 
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reaction at low temperatures, while having a mild opposite effect at higher temperatures. 
Addition of molecular oxygen to the 2-hydroperoxytetrahydrofuran radical (denoted 
HOOcy(COCJCC) in the model) is very significant and reactivity enhancing at lower 
temperatures as well, while the H-abstraction from tetrahydrofuran-3-yl by O2 inhibits 
reactivity at the same conditions.

Reaction Rate Parameter Modification and Testing

Based on the results of the previous brute-force reaction sensitivity analyses, the most 
significant reactions leading to the observed ignition delay time predictions are identified for 
the skeletal and detailed THF models at various conditions. The reaction rate parameters 
of such reactions can be modified by replacing them with values from the literature for the 
same reaction or for analogous reactions if reaction-specific data are unavailable. The goal 
is enhancing the predictive performance of the small skeletal model to match or even exceed 
the performance of the larger detailed model. Therefore, the desired result would be a smaller 
model with same or better performance than the original. 

The reaction rate constant decides how fast a reaction occurs and therefore how important 
a pathway passing by a specific reaction is. Reaction rate constant is calculated using the 
Arrhenius equation as follows:

where A is the pre-exponential factor representing collision frequency, Ea is the activation 
energy of the reaction, n is the temperature coefficient, R is the universal gas constant, and 
T is the temperature. A, n, and Ea are the aforementioned reaction rate parameters. A series 
of reaction rate parameter modifications is applied to the skeletal model and listed in ‎Table 1.

The reaction rate parameters for five reactions are modified with values from the literature. 
The reactions chosen for modification are identified from the sensitivity analysis as 
reactivity enhancing, especially at lower temperatures where the predictive performance 
of the skeletal model significantly deviates from that of the detailed model. Reaction rate 
parameters are updated with values that result in higher reaction rate constants, which 
means these reactions are accelerated and their priority in the chain reaction is elevated. As 
a result, the reactivity of the mixture is increased by these modifications, potentially leading 
to faster ignition and shorter ignition delay times. Out of the five reactions, four of them are 
H-abstraction from THF by hydroxyl and hydroperoxyl radical as well as molecular oxygen to 
produce tetrahydrofuran-2-yl and tetrahydrofuran-3-yl radicals, necessary for chain reaction 
continuation. The fifth reaction to be prioritized is the third body decomposition of hydrogen 
peroxide to provide the mixture with a pool of hydroxyl radical, needed for H-abstraction from 
THF as shown above.
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Table 1.	 Updated Reaction Rate Parameters Applied to the Skeletal THF Model 
(Reactions as shown in model).

Reaction
Anew

(cm3/s.mol)
nnew Eanew

(cal/mol)
Aold

(cm3/s.mol)
nold Eaold

(cal/mol)
cy(OCCCC) + O2 ↔ cy(OCJCCC) + HO2a 5.2e13 0.00 45800 1.34e13 0.00 45640
cy(OCCCC) + OH ↔ cy(OCJCCC) + H2Ob 1.3e13 0.33 -330 6.93e11 0.41 213.6
cy(OCCCC) + OH ↔ cy(OCCJCC) + H2Oa 9.4e7 1.61 -35 4.12e3 3.02 -913.8
cy(OCCCC) + HO2 ↔ cy(OCCJCC) + H2O2a 2.52e2 3.37 13700 7.21e-2 4.13 11460
H2O2 (+M) ↔ OH + OH (+M)c 1.21e17 0.00 45500 2.0e12 0.90 48749
a	 Moshammer et al.36

b	 Zavala-Oseguera et al.37

c	 Baulch et al.38

The final modified skeletal version containing 193 species and 1151 reactions is now 
tested during ignition delay time simulations versus the unmodified skeletal model and 
original detailed model for THF/air mixtures at stoichiometric conditions and pressures 
of 6.4 and 9.1 bar, as shown in ‎Figure 9. The results show that the final skeletal model 
exhibits superior predictive performance to both the unmodified skeletal version and 
the larger detailed model at almost all investigated conditions. The skeletal model after 
modification is successfully reproducing the experimentally measured ignition delay 
times over the temperature ranges investigated. As the temperature decreases, slight 
deviations with the shock tube data are observed, but these deviations match those 
of the detailed model. Therefore, the final skeletal model is overall better-performing 
than the detailed model, at less than half the size, and therefore it carries much lower 
computational cost.

Figure 9.	 Predictions of Modified Skeletal Model with Unmodified Skeletal Model 
(original THF detailed model and shock tube measurements by Fenard et 
al.39 for stoichiometric THF/air mixtures at pressures of 6.4 and 9.1 bar) 
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DISCUSSION

First of all, it is crucial to understand that model reduction is not the end goal per se, 
but merely a step towards faster and less computationally expensive simulations of 
combustion events, while preserving the predictive accuracy to the maximum possible 
extent. In light of these considerations, this work uses the SSE model reduction method 
to further our understanding of the auto-ignition behavior of THF and the underlying 
chemical kinetics. This is ultimately aimed at enhancing the performance of the developed 
skeletal THF model so that it can be superior to the larger original version, and hence 
achieving better agreement with experimentally observed auto-ignition trends.

The findings of this part of the investigation reveal that the SSE reduction approach 
succeeded in downsizing the original THF model to less than half its size, eventually 
leading to the reduction in the computational cost of the simulations because of the 
significant reduction in the number of the ordinary differential equations to be solved 
simultaneously by the chemical kinetic solver. With respect to the predictive performance, 
it can be observed that the initial unmodified version of the reduced model significantly 
overestimated ignition delay times, especially at lower temperatures. Longer ignition delay 
times mean that the fuel used is less reactive than what was observed experimentally. 
Given that the detailed model was originally developed for low-temperature simulations,40 
it can be expected that excluding over half of the species and reactions would lead the 
predictive performance to suffer at this temperature range.

However, one of the upsides of the reduction process is that it facilitates performing 
chemical kinetic analysis using smaller models to obtain insights about the combustion 
kinetics responsible for the observed predictive performance. For this purpose, reaction 
sensitivity analysis was performed at various temperatures to identify and compare the 
main reactions and pathways that caused the observed performance of the reduced model. 
Overall, the formation of radicals accelerates the chain reaction as unstable radicals are 
very reactive, and therefore they attack stable molecules, especially those for THF. This 
eventually leads to a faster consumption of the fuel and a faster chain reaction. 

The sensitivity analysis shows that the existing reaction mechanism favors H-abstraction 
from THF by radicals such as OH at higher temperatures, while this pathway is not favored 
at lower temperature, as H-abstraction using HO2 radical appears to be more significant. 
Therefore, the lower production rate of the OH radical at lower temperatures can be a main 
reason behind the observed significantly longer ignition delay times at these conditions.

Adjusting the reaction rates for reactions producing OH and HO2 so that more of these 
radicals is produced would open alternate consumption pathways for THF, eventually 
increasing the rate of THF consumption so that it can ignite faster, matching the 
experimentally observed trends. Therefore, reaction rate parameters were adjusted for 
5 reactions using values from the literature, including OH and HO2 formation reactions 
and H-abstraction reactions from THF using the formed radicals, in the direction that 
enhances the overall reactivity, eventually leading to shorter ignition delay times to 
achieve better agreement with experimental data. The modifications succeeded in 
improving this agreement with shock tube ignition data, and therefore the final modified 
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skeletal model now has generally better predictive performance than the original detailed 
model, especially at lower temperatures.

Finally, the process shows the power of model reduction approaches, especially the SSE 
approach used in this work. Performing this kind of in-depth analysis using detailed model 
is usually time-consuming and requires significant computational resources. By reducing 
the size of models, such analysis can be performed in a fraction of the time, which 
makes enhancing the performance of models based on the results of such analysis more 
accessible. The process presented in this work can be applied to any chemical kinetic 
model for any fuel or blend of fuels of interest for the purpose of improving understanding 
and model performance. 
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IV.  CONCLUSION AND FUTURE RESEARCH

This work is an attempt to address some challenges facing combustion modeling, such 
as the need to use separate reactor models for different combustion problems and the 
computational cost embedded in combustion simulations due to model size.

To address the first challenge, flame time is explored as a way to link the flame 
propagation problem and the auto-ignition problem. This is aimed at facilitating the 
prediction of laminar burning velocities of fuels from the knowledge of their ignition delay 
times under given conditions. The dependence of flame time on pressure, temperature, 
and equivalence ratio is investigated and compared with that of ignition delay time. 
Laminar burning velocity and ignition delay time simulations are performed for methane 
at pressures of 1.0–20 bar, equivalence ratios of 0.6–1.6, and unburnt temperatures of 
300–1000 K using a methane model from the literature.41 Laminar burning velocities and 
thermal diffusivities are used to calculate flame times. 

The main findings of the parametric study are that flame time and ignition delay time 
have similar temperature dependence profiles. Longer ignition delay times are observed 
compared with flame times at lower pressures. As pressure increases, the gap between 
both times closes. Parametric exploration results also showed that both flame time and 
ignition delay time decrease as pressure increases. Ignition delay times are found to have 
stronger dependence on pressure than flame times. The equivalence ratio dependence 
of both times is found to be positive, with flame time having a stronger equivalence 
ratio dependence than ignition delay time. The observed parametric dependencies were 
quantified using multiple linear regression correlations. 

Also, a direct power law correlation between flame time and ignition delay time was 
developed for methane through linear regression of their natural logarithms, with a 
positive linear relationship that indicates that slower flame propagation is accompanied 
by stronger auto-ignition resistance under the same conditions.

To establish comparability of flame time as a combustion property, flame propagation 
trends of methane are compared with those of propane and ethanol at pressures 
and equivalence ratios mentioned earlier, using their respective models.42 Methane 
consistently had the longest flame times, which means slower flame propagation. Propane 
and ethanol generally exhibited similar flame propagation trends, with a possibility for 
ethanol to have longer flame times than the other two fuels at low pressures and high 
critical temperatures over 1700 K.

The second challenge is also addressed in this work in a model reduction study that used the 
SSE method to obtain reduced version of the THF model by Fenard et al.,43 with THF chosen 
as the focus of the study as a representative promising second-generation transportation 
biofuel. Seven reduced versions were developed by applying the SSE approach multiple 
times over a pressure range of 7.7–20 bar and a temperature range of 750–1200 K. The 
reduced models are eventually combined into a global skeletal model which is less than half 
the size of the original model, with only 193 species and 1151 reactions. 
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Ignition delay time simulations were performed for THF/air mixtures at stoichiometric 
conditions and pressures of 6.4 and 9.1 bar using the detailed and the global skeletal 
models, with predictions of both models compared with shock tube ignition data reported 
by Fenard et al.44 under the same conditions. The results show that both models generally 
over-estimate ignition delay time, with the reduced model showing significant deviation 
from the detail model as temperature decreases.

To identify the reactions responsible for this behavior, reaction sensitivity analysis was 
performed to compare the detailed and reduced models at 1000 K and 9.1 bar. Further 
reaction sensitivity analysis was performed to compare the findings of the reduced 
version at temperatures of 700, 1000, and 1300 K. Many pathways are explored from 
the results, and the main findings of the analyses are that pathways involving that two 
radicals, tetrahydrofuran-2-yl and tetrahydrofuran-3-yl, are particularly important and 
reactivity enhancing at intermediate and high temperatures. The observed low priority of 
pathways leading to tetrahydrofuran-3-yl production at 700 K is identified as a potential 
reason for the poor performance of the global skeletal model at low temperatures.

To improve the predictive performance of the developed skeletal model, reaction rate 
parameters for key reactions are updated with values from the literature45 in line with the 
desired performance, which is increasing the predicted reactivity of the chain reaction 
leading to shorter ignition delay times, matching experimental data. Reaction rates are 
increased for four H-abstraction reactions from THF to form the 2-yl and 3-yl radicals, 
and for a fifth decomposition reaction of hydrogen peroxide to form hydroxyl radical 
necessary for accelerating the H-abstraction from THF.

Finally, ignition delay times are simulated using the modified skeletal version are 
compared with the predictions of the unmodified skeletal and detailed models at the 
same condition. The final modified skeletal model shows excellent agreement with 
experimental data at most of the conditions. The predictive performance of the final 
version is overall superior to the both the unmodified reduced model and the original 
detailed model at the investigated conditions.

The findings of this work highlight similarities of the two separate combustion problems 
of flame propagation and auto-ignition, and establish the possibility of developing a 
direct relationship between the timescales for these two problems for any fuel of interest. 
This direct relationship can provide a basis for future research efforts into designing a 
machine-learning-based technique for the simultaneous simulation of laminar burning 
velocity and ignition delay time to eliminate the need for separate simulations for the 
two combustion events. This would support turbulent combustion and coupled 3D-CFD/
chemical kinetic simulations. A possible expansion of this investigation could involve 
examining the flame times that correspond with flammability limits, which can provide a 
sense of the competition for heat transport, kinetic rate, and heat release amount.

With respect to model reduction, further exploratory analysis, such as reaction pathway 
analysis, can be performed using the reduced and detailed model to better understand 
the fuel consumption schemes at various temperatures. the SSE method can be modified 
into an updated version that can use flame time as the target reduction property instead 
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of ignition delay time for the development of reduced models that focus on the flame 
propagation behavior of transportation fuels. Finally, model reduction can be used to 
develop models that are capable of simulating the auto-ignition behavior of THF blends 
with gasoline and diesel, as THF can be practically used as an additive to such fuels to 
improve performance.
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ABBREVIATIONS AND ACRONYMS

3D-CFD Three-Dimensional Computational Fluid Dynamics

ASE Alternate Species Elimination

CI Compression Ignition

DRG Directed Relations Graph

DRGASA Directed Relations Graph and Species Sensitivity Analysis

DRGEP Directed Relations Graph with Error Propagation

DRGX Directed Relations Graph with Expert Knowledge

HCCI Homogeneous Charge Compression Ignition

RON Research Octane Number

SB-1 California Senate Bill no. 1, Road Repair and Accountability Act

SI Spark Ignition

SSE Stochastic Species Elimination

THF Tetrahydrofuran
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