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Biodiesel is a promising alternative fuel for compression ignition engines. It is a renewable energy 

source that can be used in these engines without significant alteration in the design. The detailed 

chemical kinetics of biodiesel is however highly complex. In the present study, a skeletal 

mechanism with 123 species and 394 reactions for a tri­component biodiesel surrogate, which 

consists of methyl decanoate, methyl 9­decenoate and n­heptane, was developed for reduced 

computational cost in engine simulations. The reduction was based on an improved directed 

relation graph (DRG) method that is particularly suitable for mechanisms with many isomers, 

followed by isomer lumping and DRG­aided sensitivity analysis (DRGASA). Error cancelation 

was employed in obtaining the compact skeletal mechanism with DRGASA. The reduction was 

performed for pressures from 1 to 100atm and equivalence ratios from 0.5 to 2 for both extinction 

and ignition applications. The initial temperature for ignition was from 700 to1800K. As such the 

skeletal mechanism is applicable for both low and high temperature ignition simulations. 

Compared with the detailed mechanism that consists of 3329 species and 10806 reactions, the 

skeletal mechanism features a dramatic reduction in size while still retaining good accuracy and 

comprehensiveness. Additional validation is also performed against liquid length and flame lift­off 

length data available from Sandia National Laboratories under compression­ignition (CI) engine 

conditions. 

1. Introduction 

Biodiesel is a promising alternative fuel that can be produced from renewable sources, such 

as vegetable oil, animal fat, and waste cooking oil. It can be used in existing diesel engines with 

reduced pollutant emission without significant changes to their design [1]. Biodiesel primarily 

consists of fatty acid methyl esters (FAME), which feature long carbon chains with certain level 

of unsaturation. The chemical kinetics of biodiesel combustion is highly complex due to its large 

molecular size. It is time consuming to perform numerical simulations with detailed mechanisms 

for biodiesel, which consist of large number of species and reactions [2­4], particularly when the 

negative temperature coefficient (NTC) range is involved. Mechanism reduction is therefore 

required before such large mechanisms can be employed in practical engine simulations. 
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Mechanism reduction has been extensively studied over the last few decades [5]. A major 

reduction method is skeletal reduction, which eliminates unimportant species and reactions from 

detailed mechanisms. Unimportant species can be identified with such methods as sensitivity 

analysis [6­7], principle component analysis [8­9], Jacobian analysis[10­12], detailed reduction 

[13], directed relation graph (DRG) based methods [14­18] such as DRG­aided sensitivity 

analysis (DRGASA) [19­20]. Further reduction with other methods can be applied on 

mechanisms obtained through skeletal reduction, e.g. using lumping [21­25], in particular isomer 

lumping for large hydrocarbons [26­27], time scale analysis, such as quasi steady state 

approximation (QSSA) [28­32] and partial equilibrium approximation [33­34], computational 

singular perturbation (CSP) [35­37], intrinsic low­dimensional manifold (ILDM) [38­40], pre­

image curve (PIC) [41­42], and tabulation [43­45]. 

Despite the large number of methods available for mechanism reduction, research on 

mechanism reduction for biodiesel is rather limited, particularly when low temperature chemistry 

is involved. This is primarily because the sheer sizes of the biodiesel mechanisms, which render 

the reduction itself difficult. In previous works, a reduced mechanism with low­temperature 

chemistry was obtained for methyl butanoate [46], the chain length of which is nevertheless short 

compared with that of real biodiesel. Skeletal mechanisms for methyl decanoate (MD) were 

developed for high temperature applications using DRG­based methods [47­48]. These skeletal 

mechanisms consist of approximately 120 species, but they are not suitable for studies involving 

low temperature ignition in engines. A comprehensive and accurate skeletal mechanism for MD 

with low­T chemistry was derived using DRG for 1­D flame analysis [49]. However, the 

mechanism consists of more than 600 species and is not suitable for practical engine simulations. 

In the present study, an integrated method that combines skeletal reduction and isomer 

lumping will be employed to obtain a skeletal mechanism for biodiesel combustion with low 

temperature chemistry. The method of DRGASA was extended to take advantage of error 

cancelations during species elimination, targeting at obtaining a compact skeletal mechanism that 

can be employed in multi­dimensional engine simulations. 

2. Methodologies 

The detailed mechanism in the present reduction was developed by Lawrence Livermore 

National Laboratory (LLNL) [3]. The mechanism is for surrogate mixtures of MD, methyl 9­

decenoate (MD9D) and n­heptane, and consists of 3299 species and 10806 elementary reactions. 

The tri­component surrogate mixture allows the flexibility in matching the fuel’s physical 

properties and important combustion properties such as ignition delays and flame lift­off distance 

in engine simulations by fine tuning the fuel composition. The reduction of the detailed 

mechanism was performed based on a large set of reaction states sampled within the parameter 

space of pressure from 1atm to 100atm, equivalence ratio from 0.5 to 2.0, initial temperature 

from 700K to 1800K for auto­ignition, and inlet temperature of 300K for extinction in perfectly 

stirred reactors (PSR). Jet stirred reactors (JSR) with diluted mixtures and intermediate 

temperatures were also included in the sampling. The fuel mixture consists of 25% MD, 25% 

MD9D and 50% n­heptane by volume. Note that the NTC region that is important for engine 

ignition was covered in the reduction. 

A DRG method that was improved for robust reduction of mechanisms with large numbers of 

isomers [48] was employed as the first step in the present reduction. The improved DRG method 

is highly efficient and has been implemented for parallel computation. It takes only minutes to 

2
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process the tens of thousands sampled reaction states using a small PC cluster. H radical was 

selected as the starting species in the DRG reduction since it is important for hydrocarbon 

oxidation under almost any condition. By allowing the worst­case reduction error of 

approximately 30%, a skeletal mechanism with 664 species and 2672 reactions was obtained 

with DRG. It is noted that this skeletal mechanism is comparable in size to that of pure MD in 

[49] and substantially larger than that for high temperature combustion of the tri­component 

surrogate mixtures in [48]. 

The 664­species mechanism was then reduced with isomer lumping. In contrast to the large 

extent of reduction achieved in the high­T skeletal mechanism in [48], it was found that only a 

small number of isomers can be lumped in the present mechanism covering the low­T chemistry. 

This implies that the isomer concentrations are less strongly correlated at lower temperatures. As 

a result, only a slightly smaller skeletal mechanism with 641 species and 2670 elementary 

reactions was obtained after isomer lumping. As a last measure to obtain a substantially small 

skeletal mechanism, it becomes a challenge to further reduce the mechanism by a factor of 5 in 

size using DRGASA, since in most previous works only reduction extents by factors of 2~3 had 

been achieved with DRGASA. 

In DRGASA, the reduction error induced by eliminating a species was first estimated by the 

errors computed with DRG, such that the errors can be sorted in ascending order for sequential 

sensitivity analysis for species elimination. Since species with DRG­computed errors larger than, 

say, 50% are frequently important species and may cause difficulties in convergence, and 

subsequently long computation time, in the global sensitivity analysis if they are eliminated, 

these species were excluded in the sensitivity analysis in previous studies with DRGASA. 

However, since the final size of the mechanism, rather than the reduction cost, is the primary 

concern in the present work, every species is included in the global sensitivity analysis in the 

following reduction to ensure that the resulting mechanism is minimal in size. In such cases, 

DRGASA mostly reduces to the brute­force sensitivity analysis. 

Furthermore, in previous reduction with DRGASA, if the elimination of an individual species 

induces significant error, say larger than 10%, the species will be retained in the skeletal 

mechanism. It was found in the present work that only mechanisms with more than 150 species 

can be obtained with this conservative approach. To achieve a large extent of reduction, error 

cancellation was utilized in minimizing the mechanism size in the present work. Specifically, in 

the ordered sequence of species to be tested by sensitivity analysis, if the individual eliminations 

of two species result in opposite errors, new sensitivity analysis will be performed by eliminating 

the pair of species together. The species pair will be eliminated if the error of the skeletal 

mechanism is smaller than the error tolerance. This process is repeated until no individual 

species or species pairs can be further eliminated based on a given error tolerance. By specifying 

a worst­case relative error of 40% in the revised DRGASA, a skeletal mechanism with 123 

species and 394 elementary reactions was eventually obtained. It is noted that DRGASA with 

error cancellation is quite time­consuming. In the present study, it was performed in parallel with 

200 CPU cores and took around two weeks to obtain the final mechanism. 

3. Results and discussion 

The 123­species skeletal mechanism was validated against the detailed mechanism in 

homogenous applications. Figure 1 shows the calculated ignition delay time of auto­ignition and 

the temperature profiles in PSR of biodiesel­air at various pressures and equivalence ratios. It is 

seen that the skeletal mechanism closely agrees with the detailed mechanism for both ignition 

3
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and extinction including the NTC range for auto­ignition. It is noted that similar errors were seen 

for ignition delays for other equivalence ratios between 0.5 and 2. 

Auto­ignition PSR 
1

10

0
10

­1 
10

­2 
10

­3 
10

­4 
10

­5 
10

­6 
10

­7 
10

100 

10 

p = 1 atm 

φ = 0.5 

Biodiesel ­ Air 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

φ = 0.5 

100 

10 

p = 1 atm 

Ig
n
it
io
n

 D
e
la
y
 T
im
e
, 
s
 

Ig
n
it
io
n

 D
e
la
y

 T
im
e
, s

Ig
n
it
io
n

 D
e
la
y

 T
im
e
, 
s

T
e
m
p
e
ra
tu
re
, K

 
T
e
m
p
e
ra
tu
re
, K

T
e
m
p
e
ra
tu
re
, 
K

 

­4 ­3 ­2 ­1 00.4 0.6 0.8 1.0 1.2 1.4 10 10 10 10 10
0

10

­1 
10

­2 
10

­3 
10 

­4 
10 

­5 
10 

­6 
10

­7 
10

Detailed 

φ = 1 
p = 1 atm 

10 

100 

Skeletal 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

φ = 1 

p = 1 atm 

10 

100 

­6 ­5 ­4 ­3 ­2 ­1 00.4 0.6 0.8 1.0 1.2 1.4 10 10 10 10 10 10 10
0

10

100 

10 

p = 1 atm 

φ = 2 

0.4 0.6 0.8 1.0 1.2 1.4 10
­6 

10
­5 

10
­4 

10
­3 

10
­2 

10
­1 

10
0 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

φ = 2 
p = 100 atm 

10 

1 

­1 
10

­2 
10

­3 
10

­4 
10

­5 
10

­6 
10

­7 
10

1000/T, K­1 Residence Time, s 

Figure 1: Comparison of the 123­species skeletal mechanism with the detailed mechanism 
for biodiesel­air, a) ignition delays, and b) extinction temperature profiles in PSR. 

Figure 2 shows the validation of the skeletal mechanism in JSR. The calculated 

concentrations of selected major species as a function of temperature in JSR for lean and rich 

mixtures of biodiesel­O2 diluted with N2. Moderate errors close to that specified in the reduction 

were observed in the species concentration profiles. However there is no guarantee that minor 

species concentrations can be accurately predicted by the skeletal mechanism considering that 

the reduction with DRGASA was targeted only at the global parameters and major species 

concentrations. 

The 123­species skeletal mechanism was further compared in predicting the experimental 

measurements of the oxidation of rapeseed oil methyl ester (RME) in JSR to investigate its 
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extensibility. RME is a complex mixture of C14–C22 esters with highly saturated carbon chain 

and its experimental study was first reported by Dagaut et al [50]. In the present study, the same 

fuel mixture as that in the reduction process, i.e. 25% MD, 25% MD9D and 50% n­heptane in 

mole fraction, is used in the simulation. Figure 3 compares the calculated species profiles for the 

biodiesel surrogate mixture using the skeletal mechanism to the experimental results at various 

equivalence ratios in JSR with nitrogen dilution. It is seen in fig.3 that the simulation results 

agree well with the measured datasets at most of the displayed conditions, while large 

discrepancies between the calculations and measurements can be observed at some cases, such as 

the CO2 profile at fuel­lean condition. 
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Figure 2: Calculated species profiles in JSR as a function of temperature for the biodiesel 
oxidation in diluted air (99% N2 in mole) under atmospheric pressure with fixed residence 
time of 1s, calculated with the detailed and the 123­species skeletal mechanisms, 
respectively, for a) equivalence ratio φφφφ = 0.5, and b) φφφφ = 2.0. 
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Figure 3: Species concentration in JSR as a function of temperature for RME at pressure 
of 10 atm and residence time of 1s. Symbols: experimental data[50], lines: values 
calculated with the 123­species skeletal mechanism. 
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Further validation of the 123­species biodiesel surrogate mechanism is performed in a 

constant volume combustion chamber under compression igntion engine conditions[51­53]. The 

experimental conditions are reported in Table 1[54]. Fuel spray and combustion simulations 

were performed using the Eulerian­Lagrangian approach in the computational fluid dynamics 

(CFD) software CONVERGE [55­57]. It incorporates state­of­the­art models for spray injection, 

atomization and breakup, turbulence, droplet collision, and coalescence. The gas­phase flow 

field is described using the Favre­Averaged Navier­Stokes equations in conjunction with the 

RNG k­ε turbulence model, which includes source terms for the effects of dispersed phase on 

gas­phase turbulence. These equations are solved using a finite volume solver. The details of 

these models can be found in previous publications[58­59]. 

Parameter Quantity 

Injection System Bosch Common Rail 

Nozzle Description Single­hole, mini­sac 

Duration of Injection [ms] 7.5 

Orifice Diameter [µm] 90 

Injection Pressure [Bar] 1400 

Fill Gas Composition (mole­fraction) 
N2=0.7515, O2=0.15, 

CO2=0.0622, H2O=0.0363 

Chamber Density [kg/m
3
] 22.8 

Chamber Temperature [K] 1000 

Fuel Density [kg/m
3
] 877 

Fuel Injection Temperature [K] 436 

Table 1: Test conditions for combustion experiments at Sandia National Laboratories[54]. 

Figure 4 presents measured [54] and computed OH profiles under conditions presented in Table 

1. Due to the axisymmetric nature of the spray and combustion processes, images are presented 

on a cut­plane through the center of the fuel jet. The flame lift­off location is shown by red 

dashed line and the average equivalence ratio at flame lift­off location is also shown. The spray 

axis is demarcated using a white dashed line. The field of view is 75 mm x 25 mm in the axial 

and radial directions respectively. It is seen that the lift­off length is over predicted by about 25% 

under these conditions. However, the average equivalence ratio at lift­off length is fairly well 

captured in the simulations. The measured ignition delay is 0.396 ms, while the simulated value 

is about 0.5 ms, again showing a 25% over­prediction. The width and length of the flame is also 

well captured by the simulation. The liquid length and spray penetration matched well (not 

shown here) with the experimental data, thereby showing the model’s capability to predict the 

mixing process. Hence, the over­prediction of flame lift­off length and ignition delay could be 

due to the uncertainities in the detailed mechanism or the reduction error in the skeletal 

mechanism. 
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.
­

Figure 4: Validation of flame lift­off length against the OH­chemiluminescence data from 
[54]. The average equivalence ratio at flame lift­off location is also indicated. 

Figure 5: Comparison of OH mole­fraction contours from simulations against the OH­

chemiluminescence data from [54], at different instances during the combustion process.
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Figure 6: Comparison of soot mole­fraction contours from simulations against the soot data 
using LII from [54] at different instances during the combustion process. 

Figures 5 and 6 present validations of OH and soot contours, respectively, against the 

chemiluminescence and LII data from Nerva [54], at different time during the combustion event. 

It is seen in Figs.5 and 6 that the OH and soot contours are well predicted in terms of location 

and occurrence during the combustion event. It is noted that although the lift­off length in Fig. 4 

was over­predicted by 25% using the skeletal mechanism, such a discrepancy is quite 

encouraging considering that the detailed and the sekeltal mechanisms were not tuned for the 

experimental conditions. Future studies will involve further improvement of the detailed or 

reduced mechanisms to better predict ignition and flame lift­off under CI engine conditions. 

4. Concluding Remarks 

A 123­species skeletal mechanism for biodiesel surrogate (MD, MD9D and n­heptane) 

including low­temperature chemistry was developed with DRG­based methods. Dramatic extent 

of reduction was achieved by incorporating error cancellation in the reduction by DRGASA. 

Validation shows that the small mechanism performs quite well over a wide range of parameters 

for both ignition and extinction, as such is a good choice for practical engine simulations 

involving low temperature ignition. 

Although reduced mechanisms derived with error cancellation can be problematic in many 

cases, it is shown to be possible in the present reduction that compact, accurate and 

comprehensive mechanisms can be obtained with error cancellation, and such mechanisms may 

8
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even be extended to predict cases not covered in the reduction. However, thorough validation is 

required before mechanisms derived with error cancellation being applied in simulations. 

Comprehensive validation of the mechanism was performed in homogenous applications 

such as computation of gas­phase auto­ignition delays and extinction temperatures in PSR. The 

mechanism was further validated with experimental measurements in the literature for RME in 

JSR. Extensive validation was also performed in 3­D turbulent spray combustion conditions 

against the experimental data from Sandia National Laboratories. The mechanism is 

demonstrated to be very versatile and robust since it performed satisfactorily under almost all the 

conditions investigated. 
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