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High-temperature pyrolysis and combustion of C5-C19 fatty acid methyl esters 

(FAMEs): A lumped kinetic modeling study 

Xiaoyuan Zhang*, S. Mani Sarathy 

Clean Combustion Research Center, King Abdullah University of Science and Technology, Thuwal, 

23955-6900, Saudi Arabia 

ABSTRACT: In the effort to mitigate the depletion of fossil fuels and climate change, biodiesels are 

considered to be one of the most suitable substitutes for petro-diesel in compression ignition engine 

applications. As a follow on to prior modeling studies for gasoline and jet surrogate fuel components 

[Zhang and Sarathy, Fuel, 286 (2021), 119361], this work, proposes a lumped kinetic model for both 

saturated and unsaturated C5-C19 fatty acid methyl esters (FAMEs), based on the same methodology. 

The present lumped model includes 52 FAME fuel components, covering a wide range of biodiesel 

surrogate fuel components, as well as components typically found in biodiesels. This methodology 

decouples the combustion of FAME fuels into two stages: the pyrolysis of fuel molecules and the 

oxidation of pyrolysis intermediates. Lumped reaction steps are used to describe the (oxidative) 

pyrolysis of each fuel molecule, while a detailed model (Aramcomech 2.0), is adopted as the base 

mechanism to describe the subsequent conversion of these key intermediates. Rate rules adopted for 

all the FAME fuels are consistent. The present lumped model is validated against experimental data 

from twenty pure FAMEs and six biodiesel surrogates, including around 130 sets of validation data. 

In general, the present lumped model satisfactorily captures most of these validation targets. This 

lumped model performes comparably with the detailed models developed in the literature under 

combustion conditions. Combined with the lumped model for 50 hydrocarbon fuels developed in 

previous work by this group, the lumped kinetic model for FAME fuels developed here can be used 

to predict the pyrolysis and combustion chemistry of diesel/biodiesel surrogates in CFD simulations 

after necessary model reduction for the base model. Besides, the stoichiometric parameters of the 

lumped reactions for various pure FAMEs can be used as the database for data science study in 
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FGMech development for real biodiesels. 

KEYWORDS: Lumped kinetic model; methyl esters; surrogate fuels; real biodiesels 

1. INTRODUCTION 

Confronted with the daunting challenges of fossil fuel depletion and global warming, the concept 

of a circular carbon economy (CCE) 1 has been proposed to replace the linear one-way cradle-to-

grave manufacturing model. Recycling is one of the principles of the CCE which transforms CO2 into 

new products such as biofuels. One of these biofuels, biodiesels 2, are derived from vegetable oils or 

animal fats and comprised of long-chain fatty acid alkyl esters. They have several advantages over 

fossil diesel fuels 3: they include only negligible sulphur and aromatic content, better ignition quality 

and lower greenhouse gas emissions, making them one of the most suitable substitutes for petro-

diesel in compression ignition engine applications. 

For better design and optimization of the processes in combustion engines, chemical kinetic 

models are often used to predict critical combustion parameters like ignition delay time, flame 

propagation, pollutant formation, etc. Biodiesel is generally produced using a methanol-based 

transesterification process and comprised of C6-C24 saturated and unsaturated methyl esters 4. The 

relative proportions of methyl esters in biodiesel vary significantly, depending on the feedstock, 

making it a challenge to model the combustion chemistry of real biodiesel. Surrogate fuel strategy is 

a feasible solution to this problem; it formulates several surrogate fuel components that represent the 

real biodiesel, and the kinetic models for these surrogate fuel components are then developed. In the 

formulation of biodiesels, methyl esters, such as methyl butanoate (MB) 5,6, methyl decanoate (MD) 

7-9, methyl palmitate (MHD) 10, methyl stearate 11 10, methyl-2-butenoate (MB2D) 5,6, methyl-5-

decenoate (MD5D) 12, methyl-9-decenoate (MD9D) 7-9, methyl linoleate (MOD9D12D) 10 etc., are 

chosen as surrogate fuel components to simulate the combustion characteristics of saturated and 

unsaturated ester groups. The accuracy of the surrogate fuel component model largely determines the 

reliability of the surrogate fuel model. The size of surrogate fuel component model is also closely 

related to the final size of the surrogate fuel model. Therefore, a small and highly accurate surrogate 
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component model is the foundation for the development of reliable and compact surrogate fuel 

models for real biodiesels. 

In addition to the surrogate fuel strategy, a functional-group-based mechanism (FGMech) 

development approach was recently proposed by this group to model real fuel combustion 13,14. This 

approach develops relationships between the functional groups of real fuels and the model parameters, 

i.e. stoichiometric parameters and kinetic rate constants of lumped reactions, thermodynamic and 

transport data of real-fuel molecule. This makes it possible to construct the sub-mechanism of real 

fuels, based on the functional group characterization of the real fuels. In the FGMech approach, the 

stoichiometric parameters of the lumped reactions are obtained based on a data science approach, 

which requires a database consisting of the stoichiometric parameters of the lumped reactions for 

pure fuels. To develop a real biodiesel model based on the FGMech approach, lumped reaction 

mechanisms for pure methyl esters are required to construct the database for training. 

An improved decoupling methodology was proposed in recent work by this group 15, which 

models the pyrolysis and combustion chemistry of 50 hydrocarbon surrogate fuel components. This 

approach adopts a lumped reaction mechanism to describe the (oxidative) pyrolysis of fuels and a 

detailed model to describe the conversion of pyrolysis intermediates. In this way, the combustion 

chemistry of wide distillation fuels can be captured effectively with a relatively compact mechanism. 

This updated decoupling methodology is applied here to develop the kinetic model for C5-C19 fatty 

acid methyl esters (FAMEs) with both saturated and unsaturated structures. The present model not 

only provides reliable and compact model for biodiesel surrogate fuel components, but it is also a 

database of reliable datasets of stoichiometric parameter for FGMech development. In the following 

sections, the model construction for these FAME fuels will be presented, as well as its validation 

against pure FAME fuels and diesel/biodiesel surrogate fuel mixtures. 

2. MODEL DEVELOPMENT 

In this work, a lumped mechanism for 52 pure FAME fuels is developed, including C5-C17 

saturated FAMEs, C7-C19 unsaturated FAMEs with one double bond, and C10-C19 unsaturated FAMEs 
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with two double bonds, as listed in Table 1. These fuels span a large range of biodiesel surrogate fuel 

components, as well as the components typically found in biodiesels. Like the recent modeling work 

for 50 hydrocarbon fuels by this group, an updated decoupling methodology is adopted to develop 

the present model: A skeletal segment describes fuel decomposition and a detailed section describes 

the conversion of decomposition products. For saturated FAME fuels, the lumped fuel sub-

mechanism includes one unimolecular decomposition reaction and six H-atom abstraction reactions. 

For unsaturated FAME fuels (in addition to the seven lumped reactions considered in saturated 

FAMEs), another lumped H atom addition-elimination reaction is incorporated in the sub-mechanism 

of unsaturated fuels. These lumped reactions connect the fuel molecules directly to their key pyrolysis 

intermediates. For saturated FAMEs, ethylene (C2H4), propene (C3H6), 1-butene (C4H8-1), H, CH3, 

CO, CO2, formaldehyde (CH2O), methyl acrylate (MP2D) and methyl-3-butenoate (MB3D) are 

considered to be the key intermediates; in addition to these intermediates, for unsaturated FAMEs, 

acetylene (C2H2), 1,3-butadiene (C4H6) and 1,3-pentadiene (C5H81-3) are also incorporated in the 

lumped reactions. To describe the subsequent conversion of these specific intermediates, the 

Aramcomech 2.0 16 is selected as the base model, which is validated against comprehensive 

experimental data of C0-C4 species available in the literature. Also, the sub-mechanisms of MP2D 

and MB3D are taken from previous MB and MD models 17,18. Thermodynamic data are obtained 

based on the group additivity method, using the THERM program 19, while transport properties are 

computed using a property estimation function included in the CHEMKIN-PRO software 20. 

Table 1. FAME molecules included in the present model 

Structure Fuel component No. of components 

Saturated C4: 0-16: 0 

methyl butanoate (MB), methyl pentanoate (MPE), methyl 

hexanoate (MHX), methyl heptanoate (MHP), methyl octanoate 

(MO), methyl nonanoate (MN), methyl decanoate (MD), methyl 

undecanoate (MU), methyl laurate (MED), methyl tridecanoate 

(MPD), methyl myristate (MBD), methyl pentadecanoate (MFD), 

methyl palmitate (MHD) 

13 

Mono-unsaturated 

C6:1-18:1 

methyl-2-hexenoate (MHX2D), methyl-3-hexenoate (MHX3D), 

methyl-5-hexenoate (MHX5D), methyl-2-heptenoate (MHP2D), 

methyl-3-heptenoate (MHP3D), methyl-6-heptenoate (MHP6D), 

22 
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methyl-2-octenoate (MO2D), methyl-3-octenoate (MO3D), methyl-

5-octenoate (MO5D), methyl-7-octenoate (MO7D), methyl-2-

nonenoate (MN2D), methyl-3-nonenoate (MN3D), methyl-5-

nonenoate (MN5D), methyl-6-nonenoate (MN6D), methyl-8-

nonenoate (MN8D), methyl-2-decenoate (MD2D), methyl-3-

decenoate (MD3D), methyl-5-decenoate (MD5D), methyl-6-

decenoate (MD6D), methyl-9-decenoate (MD9D), methyl-10-

undecenoate (MU10D), methyl oleate (MOD9D), 

Poly-unsaturated 

C9:2-18:2 

methyl-2,5-nonadienoate (MN2D5D), methyl-3,6-nonadienoate 

(MN3D6D), methyl-5,8-nonadienoate (MN5D8D), methyl-2,5-

decadienoate (MD2D5D), methyl-3,6-decadienoate (MD3D6D), 

methyl-5,8-decadienoate (MD5D8D), methyl-6,9-decadienoate 

(MD6D9D), methyl-2,5-undecadienoate (MU2D5D), methyl-3,6-

undecadienoate (MU3D6D), ), methyl-5,8-undecadienoate 

(MU5D8D), ), methyl-6,9-undecadienoate (MU6D9D), methyl-2,5-

dodecadienoate (MDO2D5D), methyl-3,6-dodecadienoate 

(MDO3D6D), methyl-5,8-dodecadienoate (MDO5D8D), methyl-6,9-

dodecadienoate (MDO6D9D), methyl-6,9-tridecadienoate 

(MTD6D9D), methyl linoeate (MOD9D12D) 

17 

 
2.1. Lumping methodology for saturated FAMEs 

Details of the lumping method for saturated FAMEs can be found in recent work by this group 

21; a brief introduction is presented here. Time-scale analyses of the reaction processes are performed 

to verify the steady-state assumption and identify rate-limiting reactions. Characteristic reaction times 

of H-abstraction reactions and unimolecular dissociation reactions of fuels are the rate-limiting 

reaction steps, based on our time-scale analyses, while their subsequent isomerization and 

decomposition reactions are several orders of magnitude faster. Therefore, H-atom abstraction 

reactions from fuels by different radicals (including H, CH3, OH, O2, HO2 and O), followed by the 

isomerization and decomposition of fuel radicals, are merged into a one-step reaction. Fuel 

unimolecular dissociation reactions, followed by the isomerization and decomposition reactions of 

their primary radicals, are combined into a one-step reaction. The products present in the lumped 

reactions are mainly primary decomposition products via the decomposition of fuel radicals, i.e. C2H4, 

C3H6, C4H8-1, H, CH3, CO, CO2, CH2O, MP2D and MB3D. For primary products of large alkenes 
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(larger than C4H8-1) and unsaturated FAMEs (larger than MB3D), they are converted via H atom 

addition-elimination reactions. Examples for the conversion of 1-pentene (C5H10-1) and methyl-4-

pentenoate (MPE4D) are shown as R1-R4. A branching ratio of 0.33/0.67 is adopted for R1/R2 and 

R3/R4 22. The stoichiometric parameters of these primary products are derived from the equilibrium 

yields of fuel radicals in H-atom abstraction reactions, and from the branching ratios of the 

unimolecular dissociation reactions of fuel. The equilibrium yields of the fuel radicals are computed 

over 1000–1400 K, using the equilibrium module (EQUIL) implemented in the ANSYS CHEMKIN-

PRO software 20. The branching ratios of the unimolecular dissociation reactions of fuel are obtained 

from the rate rules of bond dissociation reactions, which will be introduced in the section that follows. 

The molecular reactions of FAME fuels (methanol elimination reactions for example), are neglected 

in this work because their contributions are negligible 23,24. 

C5H10-1 + H = 2C2H4 + CH3 R1 

C5H10-1 + H = C3H6 + C2H5 R2 

MPE4D + H = 2C2H4 + CO2 + CH3 R3 

MPE4D + H = C3H6 + CH2O + CO + CH3 R4 

2.2. Lumping methodology for unsaturated FAMEs 

The lumping methodology between saturated and unsaturated FAMEs are similar for the lumped 

H-atom abstraction and lumped unimolecular dissociation reactions. H-atom abstraction reactions 

and unimolecular dissociation reactions of fuels are the rate-limiting reaction steps (based on the 

time-scale analyses), which are much slower than those of isomerization and decomposition reactions 

of radicals. Because of the presence of double bonds in the fuel molecules, additional primary 

products like C2H2, C4H6 and C5H81-3 can be produced in the primary decomposition of unsaturated 

FAMEs. Therefore, these specific products are incorporated into the lumped reactions of unsaturated 

FAMEs, which is different from those of saturated FAMEs. 
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The presence of double bonds in the unsaturated FAMEs can also introduce more reaction 

classes. Under combustion conditions, the addition-elimination reactions of unsaturated FAMEs can 

be important. Based on the modeling work of methyl-3-hexenoate (MHX3D) from Zhang et al. 25, 

under 1000 K, ten atm and stoichiometric conditions, the contribution of addition-elimination 

reactions by H, O, OH and HO2 are 27%, 4.4%, 11% and 0%, respectively, showing that H-atom 

abstraction-elimination reaction is much more important than that of the O, OH and HO2 radicals. For 

long-chain unsaturated FAMEs, the contribution of addition-elimination reactions decreases, since 

the growing CH2 group can increase the contributions of H-atom abstraction reactions and 

unimolecular dissociation reactions. This work incorporates only the H atom addition-elimination 

reactions of fuels into the lumped reaction mechanisms of unsaturated FAMEs, neglecting the 

contributions of the other three addition-elimination reactions due to their negligible contributions 

under pyrolysis and combustion conditions. Using MHX3D as an example, R5-R8 are lumped as one 

reaction-step and incorporated into the lumped reaction mechanism of MHX3D. Based on the 

modeling work from Zhang et al. 25, the branching ratios of R1-R4 are 0.26, 0.37, 0.26 and 0.11, 

respectively, which are used to compute the stoichiometric parameters of products like C2H4, H, 

MB3D present in R5-R8. The MPE4D and C5H10-1 produced in R7 and R8 are converted to smaller 

products based on R1-R4. 

MHX3D + H => C2H4 + H + MB3D R5 

MHX3D + H=> C4H8-1 + CO + CH2O + CH3 R6 

MHX3D + H => CH3 + MPE4D R7 

MHX3D + H => C5H10-1 + CO2 + CH3 R8 

2.3. Rate constants of the lumped reactions 

The kinetic rate constant of each lumped reaction is obtained by the total rate constant of the 

rate-limiting steps. Therefore, rate constants of H-atom abstraction of fuels occurring on each 

individual C-H bonds are added up to obtain global rate constants for the lumped reactions initiated 

by H-atom abstraction reactions. Similarly, rate constants of unimolecular dissociation reactions of 
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fuels, occurring on each individual C-C and C-O bonds, are added up to obtain the global rate 

constants for the lumped reactions initiated by unimolecular dissociation reactions. The global rate 

constants of lumped H-atom addition-elimination reactions are determined by the summation of each 

elementary H-atom addition-elimination reactions. 

The same rate rules are adopted for all the C5-C19 FAME fuels. To describe the rate rules adopted 

in this work, methyl pentanoate (MPE) and methyl-3,6-undecadienoate (MU3D6D) are taken as 

representative molecules of saturated and unsaturated FAMEs, respectively. Their structures are 

presented in Fig. 1. All the carbon atoms present in these two fuel molecules are labeled. For the bond 

dissociation reactions occurring on m(m′)C-O, 1(1′)C-O, 1′C-2′C, 2′C-3′C, the rate constants are 

adopted from the modeling work for MB from Dooley et al. 17. High-pressure limit rate constants are 

adopted in this work. For the bond dissociation reactions occurring on 3′C-4′C and 4′C-5′C, the rate 

constants are taken from an alkane model developed by Westbrook et al. 26. Since the same rate rules 

are adopted here, the rate constants of equivalent bond dissociation reactions are the same. For 

example, rate constants of the bond dissociation reactions occurring on 9C-10C and 10C-11C are 

equal to those on 3′C-4′C and 4′C-5′C, respectively. For the bond dissociation reaction between 

paraffinic CH2-allylic CH2 (i.e. 8C-9C shown in the structure of MU3D6D), the rate constant is 

referred to the shock tube and theoretical investigation on 1-hexene decomposition from 27. A high 

pressure limit rate constant is adopted in this work. For the bond dissociation reaction occurring on 

1C-2C, as seen from the structure of MU3D6D in Fig. 1, the rate constant is adopted from the 

modeling work of methyl-3-hexenoate (MHX3D) 28. For the bond dissociation reaction on 2C-3C, 

the rate constant is estimated in this work by adopting the rate constants of 2′C-3′C bond dissociation 

reaction from MB 17 with the correction of the bond dissociation energies of C-C bonds between 2′C-

3′C 29 and 2C-3C 28. For the bond dissociation reactions on olefinic CH-super allylic CH2, i.e. 4C-5C 

or 5C-6C, their rate constants are estimated to be equal to that of the 9C-10C bond dissociation 

reaction, because of their similar bond dissociation energies 29. The bond dissociation reactions 

occurring on olefinic CH and allylic CH2, eg. 7C-8C, are not considered in the lumped model, because 
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their bond dissociation energies are much higher than other C-C bonds 29. 

 

Fig. 1. Structures of methyl pentanoate (MPE) and methyl-3,6-undecadienoate (MU3D6D). Carbon 

atoms in the two fuel molecules are labeled. 

For the H-atom abstraction reactions of saturated FAMEs by H, CH3, OH, O, O2 and HO2 

radicals, rate rules are adopted from recent modeling work of this group for C6-C10 saturated FAMEs 

21. The rate constants are taken mainly from previous modeling work of MB 17 and alkanes 26,30. 

Recent theoretical calculation results for methyl esters 31 are also incorporated in this model. For 

reactions occurring on ester-related carbon sites (i.e. m(m′)C and 2′C shown in the structure of MPE 

in Fig. 1), the rate constants are derived mainly from the MB model by Dooley et al. 17, while for 

those occurring on alkane-related carbon sites (i.e. 3′C, 4′C and 5′C), the rate constants are adopted 

from alkane models 26,30. For unsaturated FAMEs, additional carbon sites (olefinic CH, allylic CH2, 

super allylic CH2) are introduced. Since the olefinic CH bonds have much stronger bond dissociation 

energy than other C-H bonds 29, the rate constants of the H-atom abstraction reactions occurring on 

these olefinic C-H bonds are much smaller, and they are neglected when deriving the total rate 

constants of the lumped reactions in this model. For the H-atom abstraction reactions occurring on 

allylic CH2 (i.e. 8C shown in Fig. 1), the rate constants are adopted from the alkane model 30 with the 

reduction of the activated energy by three kcal/mol. For the H-atom abstraction reactions occurring 

on super allylic CH2 (i.e. 5C shown in Fig. 1), the rate constants are referred to the reactions occurring 
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on 2′C 17 with the reduction of the activated energy by three kcal/mol. The 2C site is considered to be 

equilavent to the 5C site, as seen from Fig. 1. Therefore, the rate constants of H-atom abstraction 

reactions occurring on the 2C site are considered to be the same as those on the 5C site. For the H-

atom addition-elimination reactions, the rate rules are adopted from the modeling work for MHX3D 

25. The rate rules adopted for C5-C19 FAMEs in this work are summarized in Tables S1-S8 in the 

Supplemental Materials. The mechanism files, including kinetic, thermodynamic and transport data, 

are provided in the Supplemental Materials. 

2.4. Simulation methods 

Simulations of the present work are conducted with CHEMKIN PRO software 20. Shock tube 

simulations, incorporating both the speciation profiles and ignition delay times, are performed with a 

closed homogeneous batch reactor. Adiabatic and constant volume assumptions are adopted in the 

simulations. The reflected temperature (T5), and pressure (P5), are set as the initial temperature and 

pressure. Flow reactor simulations are performed with a plug flow reactor. Measured temperature 

profiles in the experiments are adopted as the boundary conditions. For jet-stirred reactor (JSR) 

simulations, the transient perfectly-stirred reactor module is adopted. To achieve a steady-state 

solution, end times are set to be more than 20 times longer than the residence time. Speciation data, 

measured in laminar premixed flat flames, are performed with the premixed laminar burner-stabilized 

flame module. Mass flow rates and temperature profiles provided in the experiments are used for the 

boundary conditions. Flame speciation data measured in a counterflow diffusion flame are simulated 

using an opposed-flow flame module. The boundary conditions of the fuel side and the oxidizer are 

defined separately, and the gas energy equation is solved. Flame speed measurements are simulated 

using a premixed laminar-speed calculation module. Thermal diffusion and mixture-averaged 

transport equations are adopted in the simulations. GRAD and CURV values, assigned to 0.1 or 

smaller, achieves the grid-dependent results during simulations. 



11 

3. MODEL VALIDATION 

3.1. Validations against experimental data from pure FAMEs 

The present lumped model was first validated against the experimental data from 20 pure 

FAMEs, including C5-C19 saturated and unsaturated FAMEs. Approximately 120 sets of validation 

data were selected in this work (summarized in Table 2), including both the speciation data measured 

under pyrolysis and oxidation conditions and global combustion parameters, such as ignition delay 

times and laminar flame speeds. Since the focus is on the high temperature chemistry of various 

FAMEs, only ignition delay times and JSR speciation data, measured at high temperatures, were 

adopted for model validation. 

Table 2. Validation data of pure FAME fuels for the present model 

Fuel Data type T(K) P32  Reference 

MB 

Pyrolysis 1200-1800 1.5 ∞ 33 

Pyrolysis 770-1170 1.03 ∞ 23 

JSR oxidation 950-1300 1 1.13 34 

JSR oxidation 835-1325 1 0.375-0.75 35 

Burner-stabilized flame 500-1893 0.04 1.56 36 

Ignition delay 1250-1760 1-4 0.25-1.5 17 

Ignition delay 1250-2000 8 0.25-2.0 37 

Flame speed 298-338 1 0.7-1.3 38 

Flame speed 403 1 0.7-1.5 39 

Flame speed 353 1-2 0.7-1.7 40 

MPE 

Pyrolysis 790-1120 1 ∞ 
21

 

Burner stabilized flame 368-2000 0.03-1 1.0-1.5 41 

Ignition delay 1050-1350 1.5-16 0.5-2.0 42 

Flame speed 338 1 0.8-1.1 38 

MHX 

Pyrolysis 790-1090 1 ∞ 
21

 

Burner stabilized flame 368-2000 0.03 1.0-1.3 41 

JSR oxidation 800-1000 10 0.5-1.5 43 

MHP 
Pyrolysis 820-1120 1 ∞ 

21
 

JSR oxidation 770-1130 10 0.6-2.0 44 

MO 

Pyrolysis 900-1450 27-53 ∞ 45 

Pyrolysis 820-1120 1 ∞ 
21

 

Shock tube 900-1450 27-53 0.93-0.96 45 

JSR oxidation 800-1350 1 0.5-2.0 46 

Opposed flow flame 400-1600 1 ∞ 46 
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Ignition delay 1270-1560 1-10 0.5-2.0 47 

MN Pyrolysis 820-1120 1 ∞ 
21

 

MD 

Pyrolysis 773-1125 1.05 ∞ 48 

JSR oxidation 750-1100 1.06 1.0 18 

Burner stabilized flame 434-1740 1 1.0 49 

Opposed flow flame 400-1630 1 ∞ 50 

Ignition delay 1008-1336 16 0.5-1.5 51 

Ignition delay 1185-1308 8 0.09-0.17 52 

Ignition delay 1059-1388 7 0.29-0.81 53 

Flame speed 423-473 2-6 0.8-1.4 54 

Flame speed 403 1 0.7-1.5 39 

MED Ignition delay 1026-1388 3.5-7 0.3-1.4 55 

MBD Ignition delay 1026-1388 3.5-7 0.3-1.4 55 

MHD Ignition delay 1026-1388 3.5-7 0.3-1.4 55 

MHX3D 

JSR oxidation 700-1280 1 0.6-2.0 28 

JSR oxidation 620-1220 10 0.6-2.0 25 

Burner stabilized flame 300-1900 1 1.0 28 

Flame speed 338-353 1 0.7-1.3 28 

Ignition delay 1050-1500 20-40 0.6-2.4 28 

MO2D 
Shock tube 900-1450 27-53 0.96-∞ 45 

JSR oxidation 740-1100 10 1.0-2.0 56 

MN2D Shock tube 895-1500 50 1.0 57 

MN3D Shock tube 895-1500 50 1.0 57 

MD5D Ignition delay 1000-1312 20 0.5-1.5 12 

MD6D Ignition delay 1000-1312 20 0.5-1.5 12 

MD9D Ignition delay 1000-1233 20 0.5-1.5 12 

MU10D JSR oxidation 800-1100 1 0.5-2.0 58 

MOD9D Ignition delay 1100-1400 3.5-7 0.75-2.0 59 

MOD9D12D Ignition delay 1100-1400 3.5-7 0.75-2.0 59 

3.1.1 Saturated FAMEs 

The validation data from saturated FAMEs appear in Table 2, including MB, MPE, MHX, MHP, 

MO, MN, MD, MED, MBD and MHD. Speciation data--especially the pyrolysis speciation data--are 

very helpful for validating the accuracy of the stoichiometric parameters in the lumped reactions. For 

MB, considerable experimental data are available in the literature to validate the present model. Zhai 

et al. 23 measured the pyrolysis of MB in a flow reactor at low and atmospheric pressures. Their 

measured speciation data at atmospheric pressure are used to validate the present model. As shown 

in Fig. 2, the present model reasonably captures the temperature window of fuel consumption and the 
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yields of intermediates. At higher temperatures (i.e. T >1200 K), the pyrolysis experimental data from 

Farooq et al. 33 are used to validate the present model. As seen from Fig. S1 in the Supplemental 

Material, the present model predicts the formation of methyl radical well, and reasonably predicts the 

formation of ethylene below 1400 K. In addition to the pyrolysis data, Gaïl et al. 34,35 contributed the 

speciation data measured in the JSR oxidation of MB at atmospheric pressure and various equivalence 

ratios. Yang et al. 36 measured combustion intermediates in the burner stabilized premixed flame of 

MB/O2/Ar at 0.04 atm. As seen from Figs. S2-S5 in the Supplemental Material, the present model 

captures the yields of both primary and secondary products. 

 

Fig. 2 Comparison of measured (symbols) 23 and predicted (lines) mole fraction profiles of (a) 

MB and CH2O, (b) CO and CO2, (c) CH4 and C2H4 and (d) C2H6 and C3H6 in the flow 

reactor pyrolysis of MB at 1.03 atm. 

To better understand the pyrolysis chemistry of saturated FAMEs, the pyrolysis experiments for 

MPE, MHX, MHP, MO and MN were conducted by this group under the same conditions 21. Various 

pyrolysis intermediates were measured using both synchrotron vacuum ultraviolet photoionization 

mass spectrometry (SVUV-PIMS) and gas chromatography (GC). These speciation data are selected 
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to validate the present model. As seen from Fig. 3, the present model predicts the temperature 

windows of these FAME fuels well, as well as the yields of the pyrolysis intermediates. The 

intermediates shown in Fig. 3 are mainly primary products; their formation is directly related to the 

stoichiometric parameters of the lumped reactions. The remarkable agreement between the 

measurements and predictions indicates that the stoichiometric parameters of the lumped reactions 

derived for these fuels are reliable. In addition to pyrolysis data, Korobeinichev et al. 41 investigated 

the flame chemistry of MPE and MHX by using burner stabilized premixed flame at low and 

atmospheric pressures. As seen from Figs S6-S10 in the Supplemental Material, the present model 

predicts the major products well, i.e. fuels, O2, CO, CO2, H2 and H2O, and it reasonably predicts most 

of the combustion intermediates, including both the primary products such as CH3, C2H4, CH2O, C3H6 

etc., and secondary products like C2H2, C3H4 isomers and C4H6 etc. Dayma et al. performed a 

systematic study for MHX 43, MHP 44 and MO 46 in a JSR at both 1 and 10 atm. Their measured 

speciation data over 750-1200 K are selected in this work to validate the present lumped model. As 

seen from Figs S11-S19 in the Supplemental Material, the present model satisfactorily predicts the 

conversion of MHX, MHP and MO, as well as the yields of oxidative products at temperatures above 

850 K. Over-predictions by the present model at lower temperatures indicates that the low and 

intermediate temperature reaction classes could play an important role, which will be fully 

incorporated in future modeling work by this group. Additional pyrolysis and oxidation data are 

available for MO, including the high pressure pyrolysis and oxidation data obtained in shock tubes 

45, and the speciation data measured in the atmospheric opposed-flow flame 46. These experimental 

data can extend the present model validation to higher pressure and temperature conditions. As seen 

from Figs S20-S24 in the Supplemental Material, the present model captures the yields of pyrolysis 

and oxidation intermediates well under these conditions. 
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Fig. 3 Comparison of measured (symbols) 21 and predicted (lines) mole fraction profiles of (a) 

fuels, (b) CO, (c) CO2, (d) CH2O, (e) MP2D, (f) MB3D, (g) H2, (h) CH4, (i) C2H4, (j) 

C2H6, (k) C3H6 and (l) C4H8-1 measured in JSR pyrolysis of MPE/Ar, MHX/Ar, MHP/Ar, 

MO/Ar and MN/Ar at P = 1 atm and  = 2s. Filled and hollow symbols represent 

measurements using GC and SVUV-PIMS methods, respectively. 

Unlike short chain FAMEs, MD has a long alkyl chain in its molecular structure, and thus it is 

more suitable to serve as the surrogate component of real biodiesels. For this reason, considerable 

experimental data are available in the literature to study the pyrolysis and combustion properties of 

MD. Herbinet et al. 48 measured the speciation profiles in the pyrolysis of MD/He at around one atm 

and over 777-1123 K. As seen from Fig. 4, the present model captures the temperature window of 

MD decomposition remarkably well, and reasonably predicts most of the pyrolysis intermediates, 

indicating that the lumped reaction mechanism of MD is reliable. In addition to the pyrolysis data, 

the speciation data measured in the JSR oxidation 18, premixed flame 49 and opposed-flow flame 50 

are also adopted to validate the present model. As seen from Figs S25-S27 in the Supplemental 
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Material, the present model satisfactorily predicts all these experimental data within the experimental 

uncertainties. 

 

Fig. 4 Comparison between measured (symbols) 48 and predicted (lines) mole fractions of (a) MD 

and H2, (b) CO and CO2, (c) C3H4-A and C3H4-P, (d) CH4 and C2H4, (e) C3H6 and C4H8-1, 

and (f) MP2D and MB3D in JSR pyrolysis of MD/He mixture at P = 1.05 atm and  = 1s. 

Ignition delay times and laminar flame speeds of saturated FAMEs are also collected here to 

further validate this model. Figure 5 presents a comparison of ignition delay times between the 

experimental data from the literature and the predicted results of the present model. As seen from Fig. 

5a, the present model reasonably predicts the ignition delay times of MB/O2/Ar mixtures at eight atm 

37. Additional ignition delay times data of MB obtained at one and four atm from Dooley et al. 17, are 

also used for validation. As seen from Fig. S28 in the Supplemental Material, the present model 

captures the ignition delay times of MB/O2/Ar mixtures ranging from  = 0.25 to  = 1.5 very well. 

Lu et al. 42 measured ignition delay times of MPE/O2/Ar mixtures and MPE/air mixtures over 3-16 

atm. As seen from Fig. 5b and Figs S29 and S30 in the Supplemental Material, the present model 

slightly over-predicts the measured ignition delay times in O2/Ar atmosphere, while reasonably 

capturing those measured in an air atmosphere under various equivalence ratio conditions. For the 
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ignition delay times of MD/O2/Ar mixtures at eight atm, and very lean conditions 52, the present model 

reasonably predicts experimental data below 1220 K, while under-predicting those at higher 

temperatures, as seen from Fig. 5c. Figure S31 in the Supplemental Material shows that in MD/air 

mixtures at 16 atm 51, the present model slightly over-predicts the ignition delay times over lean to 

rich conditions. Campbell et al. 55 systematically investigated the ignition delay times of MD/O2/Ar, 

MED/O2/Ar, MBD/O2/Ar and MHD/O2/Ar mixtures under similar conditions. As seen from Fig. 5(d-

f) and Fig. S32 in the Supplemental Material, the present model over-predicts all their experimental 

data. More effort is required to improve the present lumped model for future work. At the same time, 

more experimental validation data on the ignition behaviors of long chain FAMEs are necessary to 

further validate the present model. There are no systematic laminar flame speed studies for saturated 

FAMEs; only the flame speed data for MB/air, MPE/air and MD/air were adequately reported in the 

literature. In this work, the laminar flame speeds of MB/air, MPE/air and MD/air are selected to 

validate the present model. As seen from Figs. 6 and S33 in the Supplemental Material, the present 

model satisfactorily captures the laminar flame propagation of MB/air, MPE/air and MD/air mixtures 

under various unburned temperature and pressure conditions. 

 

Fig. 5 Comparison of measured (symbols) and predicted (lines) ignition delay times of (a) 



18 

MB/O2/Ar mixtures at P5 = 8 atm 37, (b) MPE/O2/Ar mixture at P5 = 3-7 atm 42, (c) 

MD/O2/Ar at P5 = 8 atm 52, (d) MBD/O2/Ar at P5 = 7 atm 55, (e) MED/O2/Ar at P5 = 7 atm 

55, and (f) MHD/O2/Ar at P5 = 7 atm 55. 

 

 

Fig. 6 Comparison of measured (symbols) and predicted (lines) laminar flame speeds of (a) 

MB/air at Pu = 1 atm and various unburned temperatures 38,39, (b) MB/air at Tu = 353 K 

and Pu = 1-2 atm 40, (c) MD/air at Tu = 403 K and Pu = 1 atm 39, and (d) MD/air at Tu = 

423 K and Pu = 2-4 atm 54. 

3.1.2 Unsaturated FAMEs 

There are fewer experimental studies on unsaturated FAMEs in the literature than on saturated 

FAMEs. The most abundant experimental data are focused on MHX3D. Gerasimov et al. 28 and 

Zhang et al. 25, from the same group, studied the oxidation chemistry of MHX3D in a JSR at one and 

ten atm, respectively. Various products were measured in their experiments. As seen from Fig. 7, as 

well as Figs S34-S38 in the Supplemental Material, the present model captures fuel decomposition 

and product formation at atmospheric pressure well. For predictions at ten atm, the present model 
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only reasonably predicts experimental results above 900 K, while over-predicting the oxidation rates 

of MHX3D below 900 K. This indicates that the low and intermediate temperature reaction classes 

neglected in this model, can play an important role below 900 K. For example, the addition reactions-

-rather than addition-elimination reactions--become more important at high pressure and intermediate 

temperatures. The radicals produced via addition reactions could react with O2 to generate unsaturated 

FAMEs and HO2, resulting in a reduced reactivity of MHX3D under intermediate temperature 

conditions. The competition of these addition reactions is neglected in this work to reduce the size of 

the model. This simplification may have caused over-prediction of the oxidation reactivity of 

MHX3D. At high temperatures, the present model is validated against the speciation data measured 

in the burner-stabilized premixed flame at one atm 28. As seen from Fig. S39 in the Supplemental 

Material, the results predicted by the present model are in reasonable agreement with the measured 

results by Gerasimov et al. 28. 

 

Fig. 7 Comparison of measured (symbols) 28 and predicted (lines) mole fractions of (a) O2 and 
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MHX3D, (b) H2 and H2O, (c) CO and CO2, (d) CH4 and C2H4, (e) CH2O and C2H2, (f) 

1,3-pentadiene (C5H8-13) and C3H6, (g) C3H4-A and C4H8-1, (h) NC3H7CHO and (i) C4H6 

and C2H6 in the JSR oxidation of MHX3D/O2/N2 mixture at P = 1 atm,  = 0.07s and  = 

0.6. 

In addition to MHX3D, some studies have focused on the combustion chemistry of longer-chain 

unsaturated FAMEs. Garner et al. 56 reported JSR oxidation experimental data for MO2D at ten atm, 

which is adopted to validate the present model. As seen from Fig. S40 in the Supplemental Material, 

the present model reasonably predicts their experimental results above 900 K. At lower temperatures, 

the present model over-predicts the oxidation rate of MO2D. The reason for the over-prediction is as 

the same as that of MHX3D under the same oxidation conditions. In addition to the JSR oxidation 

data obtained at intermediate temperatures, Garner et al. 45 also provided pyrolysis and oxidation data 

in a shock tube at high temperatures and high pressures. As seen from Figs. S41 and S42 in the 

Supplemental Material, the predicted results generally agree with their measured results over 900-

1450 K and 50 atm. Fridlyand et al. 57 studied combustion chemistry of MN2D and MN3D isomers 

by using the high pressure shock tube. The temperature windows of MN2D and MN3D are similar, 

while the yields of intermediates are not. As seen from Figs S43 and S44 in the Supplemental 

Material, the present model predicts the temperature windows of MN2D and MN3D isomers well at 

50 atm and over 900-1100 K, and it gives a reasonable prediction of the intermediate distributions at 

50 atm and over 900-1450 K. Meng et al. 58 measured the speciation data of MU10D in a JSR at 

around one atm and equivalence ratios of 0.5-2.0. The results predicted by the present model are 

comparable to their measured results. As seen from Figs S45 and S47 in the Supplemental Material, 

the measured temperature windows of MU10D are well captured by the present model, and the yields 

of intermediates are also predicted satisfactorily. 
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In this work, the ignition delay times measured at high temperatures, and the laminar flame speed 

data are also selected to validate the present model for unsaturated FAMEs. As seen from Fig. 8(a, b) 

and Fig. S48 in the Supplemental Material, the present model captures the measured ignition delay 

times of MHX3D 28 between 20-40 atm and over fuel-lean to fuel-rich conditions. This model is also 

validated against the laminar flame speeds of MHX3D/air mixtures at atmospheric pressure and 

various unburned temperatures. As seen from Fig. S49 in the Supplemental Material, the present 

model predicts the flame propagation of MHX3D well under fuel-lean conditions, while slightly 

under-predicting the experimental data under stoichiometric and fuel-rich conditions. Wang et al. 12 

measured the ignition delay times of MD9D, MD5D and MD6D in a shock tube. As seen from Fig. 

8(c, d), the present model slightly over-predicts the measured results at 20 atm and over equivalence 

ratios of 0.5-1.5. The ignition delay times of MOD9D and MOD9D12D were measured by Campbell 

et al.59 in a shock tube. The present model over-predicts their measured results, as seen from Fig. 8(e, 

f). Additional efforts are required to improve the predictions of the present model for long chain 

unsaturated FAMEs. 

 

Fig. 8 Comparison of measured (symbols) and predicted (lines) ignition delay times of (a) 

MHX3D/O2/Ar mixtures at P5 = 20-40 atm and  = 0.6 28, (b) MHX3D/O2/Ar mixtures 
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at P5 = 20-40 atm and  = 2.4 28, (c) MD9D/air at P5 = 20 atm and  = 0.5-1.5 12, (d) 

MD5D/MD6D/air at P5 = 20 atm and  = 0.5-1.5 12, (e) MOD9D/O2/Ar at P5 = 7 atm and 

 = 0.75-2.0 59, and (f) MOD9D12D/O2/Ar at P5 = 7 atm and  = 0.75-2.0 59. 

3.2. Validations against experimental data of biodiesel surrogates 

In addition to pure FAME fuels, experimental data of biodiesel surrogate fuels were also selected 

to validate the present model. Table 3 summarizes the validation data from six biodiesel surrogates, 

incorporating the experimental types and conditions. As seen from Table 3, hydrocarbon fuels--

especially normal alkanes--were selected in surrogate fuel formulation of biodiesel to restore the 

energy content and C/H/O ratio. The lumped sub-mechanisms for these hydrocarbon fuels are adopted 

from recent modeling work by this group for 50 hydrocarbon surrogate fuel components 15. For 

comparison, detailed kinetic models from the literature 60-63 are also adopted to compare against the 

present lumped model and the experimental data in the literature. 

Table 3 Validation data of surrogate fuel mixtures for the present lumped model 

Fuel Data type T(K) P
32

  Reference 

MPE/n-heptane Opposed-flow flame 298-1580 1 ∞ 
64

 

MPE/n-heptane/toluene Burner-stabilized flame 500-1740 1 1.75 
61

 

MHX/n-heptane/toluene Burner-stabilized flame 368-1750 1 1.6 
62

 

MO/n-nonane/methylcyclohexane Ignition delay 1258-1630 1.5-9.5 0.5-2.0 
60

 

MHD/n-decane JSR oxidation 750-1100 1 1 
65

 

MOD9D/n-decane JSR oxidation 750-1100 1 1 
66

 

Knyazkov et al. 64 investigated the effects of MPE addition on the structure of a non-premixed 

counter-flow n-heptane (NC7H16) flame at atmospheric pressure. The mixture in the fuel side is 2.5% 

MPE/2.5% NC7H16/95% Ar, while the oxidizer is composed of 19.6% O2/80.4% Ar. Their obtained 

speciation data are selected to validate the present model. As seen from Fig. 9, the present lumped 

model, as well as the detailed model from the literature 61, captures the distributions of fuels (MPE 

and NC7H16) well, and reasonably predicts the yields of products. The present lumped model over-
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predictes the formation of C2H4, as seen from Fig. 9d, but it captures the yields of C2H2 better than 

the model in the literature 61 (see Fig. 9f). The present model is also validated against experimental 

data of an MPE/NC7H16/toluene (C7H8) mixture in a burner-stabilized premixed flame under 

atmospheric pressure and fuel-rich conditions. Comparison between experimental data and predicted 

results by this lumped model, and from the detailed model in the literature 61, appears in Fig. S50 in 

the Supplemental Material; it shows that both models reasonably predict the flame structures 

measured in the experiment. Osipova et al. 62 measured the flame speciation data in the burner-

stabilized premixed flame of MHX/NC7H16/C7H8 at 1 atm and  = 1.6; they also developed a detailed 

model to describe the combustion chemistry of the fuel mixture. Their measured and predicted results 

are compared with the results predicted by the present lumped model. As seen from Fig. 10, the results 

predicted by the two models are very close, which agree well with the experimental data. The present 

model can capture the mole fraction distribution of propagyl (C3H3) radical better (see Fig. 10e), 

which is an important precursor of benzene formation. 

 

Fig. 9 Comparison of measured (symbols) 64 and predicted (lines) mole fraction profiles of (a) 

MPE and NC7H16, (b) CO and CO2, (c) H2 and O2, (d) CH4 and C2H4, (e) C4H8-1 and 

C6H6 and (f) C2H2 and C6H6 in the opposed-flow flame of MPE/NC7H16 at 1 atm. Solid 

and dashed lines represent predicted results from the present model and literature models 
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61, respectively. 

 

Fig. 10 Comparison of measured (symbols) 62 and predicted (lines) mole fraction profiles of (a) 

O2 and H2O, (b) CO and CO2, (c) C7H8 and NC7H16, (d) CH4 and C2H4, (e) C3H3 and 

C6H6 and (f) C2H2 and MHX in the burner-stabilized flame of MHX/NC7H16/C7H8/O2/Ar 

at 1 atm and  = 1.6. Solid and dashed lines represent predicted results from the present 

model and literature models 62, respectively. 

Battin-Leclerc and her co-workers studied the oxidation chemistry of large surrogates for 

biodiesels in a JSR at atmospheric pressure. They measured the mole fraction distributions of 

surrogate fuels and oxidation intermediates in the oxidation of both MHD/n-decane (NC10H22) 

mixture and MOD9D/NC10H22 mixture. These speciation data are selected to validate the present 

model. The performance of the present lumped model against the experimental data obtained in the 

MHD/NC10H22 mixture is presented in Fig. 11. Compared with the detailed model developed in the 

POLIMI group 63, the present lumped model better captures the temperature windows of surrogate 

fuels, as well as the yields of oxidation intermediates. For prediction of MOD9D/NC10H22 oxidation 

(Fig. 12), both the POLIMI and the present model are able to reasonably predict the conversion of 

fuel molecules and the yields of most of the oxidation intermediates. In addition to speciation data, 
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Rotavera et al. 60 measured the ignition delay times of MO/n-nonane (NC9H20)/methylcyclohexane 

(MCH) mixtures between one and nine atm. They also developed a detailed model to predict their 

experimental data. The present lumped model over-predicts the ignition delay times data under 

stoichiometric conditions, while reasonably predicting those under fuel-rich conditions, as seen from 

Fig. S51 in the Supplemental Material. The detailed model from Rotavera et al. 60 performs much 

like the present model at one atm, while better capturing their experimental data under high pressure 

conditions. In general, the present lumped model satisfactorily captures most of the experimental 

data--especially under pyrolysis and combustion conditions. Compared with the detailed models 

developed in the literature, the present lumped model performs competitively under pyrolysis and 

high temperature conditions. For the speciation data measured in JSR at high pressure and 

intermediate temperatures, the neglect of low and intermediate temperature reaction classes could 

lead to over-predicting fuel oxidation rates. The present model also over-predicted the ignition delay 

times measured by Cambell et al. 55,59 systematically for long-chain FAME fuels. Experimental 

efforts from other research groups and further improvements of the present model are both required 

for these fuels. 

 

Fig. 11 Comparison of measured (symbols) 65 and predicted (lines) mole fraction profiles of (a) 
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MHD and NC10H22, (b) CO and CO2, (c) C2H2 and C2H6, (d) CH4 and C2H4, (e) C4H6 and 

(f) CH3CHO and MP2D in JSR oxidation of MHD/NC10H22/O2/He at 1 atm,  = 1.5s and 

 = 1.0. Solid and dashed lines represent predicted results from the present model and 

literature models 63, respectively. 

 

Fig. 12 Comparison of measured (symbols) 66 and predicted (lines) mole fraction profiles of (a) 

MOD9D and NC10H22, (b) CO and CO2, (c) O2 and C2H6, (d) CH4 and C2H4, (e) C3H6 

and C4H6, and (f) CH3CHO and MP2D in JSR oxidation of MOD9D/NC10H22/O2/He at 1 

atm,  = 1.5s and  = 1.0. Solid and dashed lines represent predicted results from the 

present and literature models 63, respectively. 

4. CONCLUSIONS AND PROSPECTS 

As a follow up to previous modeling study for gasoline and jet surrogate fuel components 15, this 

work developed a lumped kinetic model for both saturated and unsaturated C5-C19 FAME fuels. The 

present lumped model included 52 FAME components, covering a wide range of biodiesel surrogate 

fuel components, as well as components typically found in biodiesels. The lumping methodology 

adopted here followed the same methodology used for hydrocarbon fuels in previous work by this 

group 15. Lumped reaction steps describe the (oxidative) pyrolysis of each fuel molecule, which 
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connect fuel molecules and their key intermediates. A detailed model (Aramcomech 2.0), was 

adopted as the base mechanism to describe the subsequent conversion of these key intermediates. 

Rate rules adopted for all the FAME fuels were maintained constent. The present lumped model was 

validated against the experimental data from 20 pure FAMEs and six biodiesel surrogates, including 

about 130 sets of validation data. In general, the present lumped model captured most of these 

validation targets satisfactorily. Compared with the detailed models developed in the literature, the 

present lumped model performed competitively under pyrolysis and high temperature conditions.  

Combined with the lumped model for 50 hydrocarbon fuels developed in our previous work 15, 

the lumped kinetic model for FAME fuels can be used to predict the pyrolysis and combustion 

chemistry of various diesel/biodiesel surrogates. The lumped sub-mechanisms for various fuel 

components are sufficiently compact for CFD simulations, while the detailed base model can be 

further reduced, based on the user’s purpose. In addition, the stoichiometric parameters of the lumped 

reactions for various pure fuels can be used as the database for data science study in FGMech 

development 13 for real biodiesels. Future work will focus on extending the present model to predict 

low-temperature combustion behavior by incorporating the lumped reactions which are important at 

low temperatures. 
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