
Journal of Marine Science and Application (2025) 24: 619-633
https://doi.org/10.1007/s11804-025-00634-3

RESEARCH ARTICLE

Development of a Reduced Chemical Reaction Kinetic Mechanism with Cross-Reactions 
of Diesel/Biodiesel Fuels

Liping Yang1, Rui Wang1, Ali Zare2, Jacek Hunicz3, Timothy A. Bodisco4 and Richard J. Brown4

Received: 27 December 2023 / Accepted: 04 May 2024
© Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2025

Abstract
Biodiesel is a clean and renewable energy, and it is an effective measure to optimize engine combustion fueled with biodiesel to meet the 
increasingly strict toxic and CO2 emission regulations of internal combustion engines. A suitable-scale chemical kinetic mechanism is very 
crucial for the accurate and rapid prediction of engine combustion and emissions. However, most previous researchers developed the 
mechanism of blend fuels through the separate simplification and merging of the reduced mechanisms of diesel and biodiesel rather than 
considering their cross-reaction. In this study, a new reduced chemical reaction kinetics mechanism of diesel and biodiesel was constructed 
through the adoption of directed relationship graph (DRG), directed relationship graph with error propagation, and full-species sensitivity 
analysis (FSSA). N-heptane and methyl decanoate (MD) were selected as surrogates of traditional diesel and biodiesel, respectively. In this 
mechanism, the interactions between the intermediate products of both fuels were considered based on the cross-reaction theory. Reaction 
pathways were revealed, and the key species involved in the oxidation of n-heptane and MD were identified through sensitivity analyses. The 
reduced mechanism of n-heptane/MD consisting of 288 species and 800 reactions was developed and sufficiently verified by published 
experimental data. Prediction maps of ignition delay time were established at a wide range of parameter matrices (temperature from 600 to 1 700 K, 
pressure from 10 bar to 80 bar, equivalence ratio from 0.5 to 1.5) and different substitution ratios to identify the occurrence regions of the cross-
reaction. Concentration and sensitivity analyses were then conducted to further investigate the effects of cross-reactions. The results indicate 
temperature as the primary factor causing cross-reactivity. In addition, the reduced mechanism with cross-reactions was more accurate than that 
without cross-reactions. At 700–1 000 K, the cross-reactions inhibited the consumption of n-heptane/MD, which resulted in a prolonged ignition 
delay time. At this point, the elementary reaction, NC7H16+OH<=>C7H15-2+H2O, played a dominant role in fuel consumption. Specifically, the 
contribution of the MD consumption reaction to ignition decreased, and the increased generation time of OH, HO2, and H2O2 was directly 
responsible for the increased ignition delay.
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1  Introduction

Approximately 30% of greenhouse gas emissions origi‐
nate from the transportation sector (Sherbaz and Duan, 
2012; Yang et al., 2021) due to the widespread use of fossil 
fuels. For light-duty transport, less emission-intensive pro‐
pulsion can be potentially used, whereas long-haul heavy-
duty transport, especially sea transport, relies on diesel en‐
gines. The use of diesel engines inevitably results in the 
considerable consumption of fossil fuels and serious envi‐
ronmental pollution. To reduce sea transport emissions, the 
International Maritime Organization has established strin‐
gent emission regulations to limit the sulfur content of die‐
sel and nitrogen oxide (NOx) and carbon dioxide (CO2) 
emissions from marine engines (Noor et al., 2018; Van et al., 
2019; Zhang et al., 2019). Therefore, the development of 
diesel engines will face energy and environmental chal‐
lenges in the future (Liu et al., 2014a). Low-carbon, zero-
carbon, and carbon-neutral alternative fuels must be inves‐
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tigated to address issues such as energy shortage, rising oil 
prices, and environmental pollution. Biodiesel is a poten‐
tial surrogate for diesel, and it can effectively contribute to 
the transformation of energy structures and the achievement 
of carbon neutrality targets (Chisti, 2007; Wu et al., 2009; 
McCarthy et al., 2011; Mishra and Goswami, 2018).

Oxygenated biofuels have become a focus of research 
on engines due to their renewability and contribution to 
combustion improvement (Zheng et al., 2018). Biodiesels 
are produced from a wide range of sources (Ambat et al., 
2018; Ramos et al., 2019; Zulqarnain et al., 2021), includ‐
ing vegetable oils (Banković-Ilić et al., 2012; Santori et al., 
2012; Patel and Sankhavara, 2017; Veljković et al., 2018), 
animal fats (de Araújo et al., 2013; Adewale et al., 2015), 
microalgal oils (Meng et al., 2009; Gong and Jiang, 2011; 
Mubarak et al., 2015; Chen et al., 2018), and waste cook‐
ing oils (Zhang et al., 2003; Math et al., 2010). Biodiesel 
is the primary alternative fuel for diesel engines because 
of its similar properties to diesel fuel (Liu et al., 2014b); 
moreover, it can be blended in any proportion to create sta‐
ble biodiesel blends (Abbaszaadeh et al., 2012). Therefore, 
structural modifications of the engine are not required when 
using biodiesel in diesel engine experiments to investigate 
combustion and emission characteristics (Basha et al., 2009; 
Qi et al., 2009; Narendranathan and Sudhagar, 2014; Yang 
et al., 2016). Research results show that the reported 10%–
11% oxygen content in biodiesel effectively improves the 
engine combustion performance, heat release rate, and 
reduces emissions such as CO, HC, soot, and particulate 
matter (PM), with the exception of NOx (Lahane and Sub‐
ramanian, 2015; Wu et al., 2019). For the prediction of the 
combustion characteristics of diesel/biodiesel blends, a 
reduced mechanism of diesel/biodiesel blends must be 
developed.

Diesel is a mixture of components, such as alkanes, 
cycloalkanes, and aromatic hydrocarbons (Pitz and Muel‐
ler, 2011). Over the past decade researchers have made sig‐
nificant progress in the development of chemical kinetic 
mechanisms of diesel-related components, including n-hep‐
tane, n-decane, n-dodecane, and n-hexadecane (Pitz and 
Mueller, 2011; Vasudev et al., 2022). As a primary refer‐
ence fuel of diesel fuel, the mechanisms of n-heptane oxi‐
dation have been studied well under various conditions, 
and the oxidation database and kinetic model have been 
well developed (Wang et al., 2023). n-Heptane has a cetane 
number of 56 (Han and Yao, 2015), similar to diesel. Cur‐
ran et al. (1998) developed a detailed mechanism of n-hep‐
tane to predict its ignition delay time and species concen‐
tration variation. The mechanism includes 25 reaction types 
for n-alkanes and clarifies the importance of the low-tem‐
perature chemistry for the stable olefin species formed 
from hydroperoxide-alkyl radicals and chain-branching 
steps involving keto-hydroperoxide molecules. Su and 
Huang (2005) used the genetic algorithm to optimize a 

reduced model of n-heptane; with 40 species and 62 reac‐
tions, the reduced model effectively shortened the three-
dimensional computational fluid dynamics (3D-CFD) com‐
putation time, which illustrates the superiority of the reduced 
mechanism in engine combustion simulation. To achieve 
control of the homogeneous charge compression ignition 
(HCCI) mode in diesel engines, Zheng and Yao (2006) 
used an n-heptane mechanism to investigate diesel auto-
ignition and combustion. Analysis of the dominant reaction 
of the oxidation process of n-heptane under HCCI condi‐
tions extended the application of the detailed n-heptane 
mechanism. Wang et al. (2023) investigated the effect of 
oxygen concentration on n-heptane oxidation, improved 
the comprehension of the combustion and pollutant emis‐
sion characteristics of n-heptane oxygen-enriched com‐
bustion, and conducted experimental studies on n-heptane 
oxidation under low-equivalent-ratio conditions, which 
enriched the database on n-heptane oxidation.

The chemical makeup and specific properties of biodie‐
sel make it an adequate consideration in the modeling of 
surrogate fuels. Gaïl et al. (2007) constructed a mechanism 
model of methyl butanoate (MB) to simulate the effect of 
oxygen content on biodiesel. The model was used to pre‐
dict the high-temperature oxidation process of MB and 
describe the corresponding formation of intermediate spe‐
cies. According to Kumar and Sung (2016), the study of 
MB kinetics is necessary for the use of MB as an alternative 
fuel for biodiesel. However, the small molecular weight of 
MB fails to provide good results during the negative-tem‐
perature-coefficient (NTC) period of biodiesel combustion. 
Therefore, recent research has been devoted to the devel‐
opment of larger methyl esters to predict the NTC behav‐
ior of biodiesel (Diévart et al., 2012). Methyl decanoate 
(MD) has received attention as a biodiesel surrogate because 
of its properties, such as carbon chain length and methyl 
ester groups (Herbinet et al., 2008). Wang et al. (2013) 
indicated that MD can be a biodiesel representative in 
terms of ignition delay and smoke-emission characteris‐
tics. Herbinet et al. (2008) developed a detailed mecha‐
nism to investigate the oxidation process of MD, which 
was used as an alternative for biodiesel. The model can 
predict the NTC region, intermediate species generation, 
and early CO2 production of biodiesel. Sarathy et al. 
(2011) developed a mechanism for MD to gain insights 
into the basic combustion properties and pathways of biodie‐
sel. Predictions and experimental results were observed 
due to the influence of methyl ester; low-molecular-weight 
oxygenated compounds of MD formed during oxidation. 
Diévart et al. (2012) developed a detailed mechanism for 
MD and used a wide range of experimental data to vali‐
date this model. The predictions were in good agreement 
with the experimental results, and the model can reflect 
the combustion characteristics of methyl esters. MD is a 
representative of biodiesel oxidation properties with respect 
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to molecular weight, and methyl esters, serve as biodiesel 
surrogates.

To investigate the diesel/biodiesel combustion process, 
researchers have developed models based on the mecha‐
nisms of n-heptane and MD. Xiao et al. (2017) proposed a 
reduced mechanism for n-heptane and MD containing 113 
substances and 306 reactions. Their study involved the 
construction of the consumption path of C7H15-1 and MD2J 
through the analysis of the reaction path of n-heptane and 
MD and clarification of the importance of intermediate 
products in the oxidation process. Oo et al. (2014) created 
a skeletal mechanism with 45 species and 74 reactions. 
The mechanism was confirmed by other specific mecha‐
nisms, and it was used to predict the ignition delay for MD 
and n-heptane. However, without considering the cross-
reactions between fuels, explaining the important deviations 
in the validation process of the experimental data on waste 
cooking oil and diesel presents a challenge.

Researchers achieved progress in the development of 
the n-heptane/MD mechanism. Except for the methyl ester 
functional group, MD shows structural similarities to large 
n-alkanes. The n-heptane/MD modeling studies performed 
to date were based on distinct mechanisms but did not con‐
sider the cross-reactions between fuels. In blends, except 
for the chemical coupling of radical pools (O, OH, and H) 
during combustion, the interactions between various fuels 
and their radicals from low-temperature compression to 
the auto-ignition phase cannot be neglected (Andrae et al., 
2005). Considering the properties of n-heptane and MD, 
the mechanisms of the two components must be combined 
for cross-reaction development.

Previous studies showed that N-heptane and MD can be 
regarded as appropriate surrogates for developing the 
detailed or reduced mechanisms of diesel/biodiesel fuels and 
achieving combustion prediction. However, most research‐
ers obtained the reduced chemical reaction kinetic mecha‐
nism by separately simplifying and merging the reduced 
mechanism of each fuel. However, the interactions between 
n-heptane and MD blends were disregarded, which caused 
an increase in errors during combustion prediction. This 
study aimed to propose a new reduced mechanism of n-hep‐
tane and MD with cross-reactions. In addition, the predic‐
tion maps of ignition delay time for n-heptane/MD under a 
wide range parameter matrix of temperatures, pressures, 
equivalence ratios, and equivalence ratios were constructed. 
The effect significance of cross-reactions during the oxida‐
tion process of diesel and biodiesel was revealed within 
specific parameter intervals, and the dominant reaction and 
species were identified via sensitivity and concentration 
analyses. Our results can be used to develop an optimized 
mechanism model of diesel/biodiesel and are beneficial to 
the further improvement of the simulation precision and 
calculation speed of 3D-CFD simulation of internal com‐
bustion engines fueled with diesel and biodiesel.

2  Development of a reduced mechanism

2.1  Mechanism selection

Detailed mechanisms include a number of redundant 
reactions, and the development of reduced mechanism can 
effectively reduce the complexity of the detailed mecha‐
nism. In this study, n-heptane and MD were selected as 
surrogates for diesel and biodiesel, respectively, with the 
n-heptane mechanism (Zhang et al., 2016) containing 1 269 
species and 5 336 reactions and the MD mechanism (Sara‐
thy et al., 2011) including 621 species and 2 998 reactions. 
The mechanisms of both fuels were validated using experi‐
mental data.

2.2  Reduction method

Numerical simulations of engine combustion require 
highly accurate and appropriately sized mechanisms, 
whereas complex and detailed mechanisms necessitate 
reduction (Li et al., 2019). Through the use of reasonable 
mathematical methods, the species and primitive reactions 
of the detailed mechanism that exert an insignificant influ‐
ence on the combustion process are removed, and the impor‐
tant species and corresponding primitive reactions are 
screened out to reduce the mechanism scale. In this work, 
directed relation graph (DRG) (Lu and Law, 2006), directed 
relationship graphs with error propagation (DRGEP) (Pepiot-
Desjardins and Pitsch, 2008), and full species sensitivity 
analysis (FSSA) (Liang et al., 2009) were adopted to reduce 
the chemical kinetic mechanisms of n-heptane/MD.

2.3  Cross-reaction theory

Ester and alkane fuels vary in terms of composition, and 
when mixed, the interactions between them need to be con‐
sidered. The cross-reaction theory has been proposed to 
describe this process. In typical cross-reactions, a free radi‐
cal generated by one of the fuels abstracts hydrogen from 
the other fuel ( Andrae et al., 2007). An alternative cross-
reaction can occur among the macromolecular dehydroge‐
nation products of the multicomponent during free-radical 
exchange reaction (Liu et al., 2021). Inherent in the defini‐
tion of the second kind of cross-reaction, the following types 
of reactions are considered:

R1 + R2H ↔ R1H + R2 (1)

R1OO + R2H → R1OOH + R2 (2)

R2OO + R1H → R2OOH + R1 (3)

Cross-reaction studies reveal the interactions that exist 
among fuels. In this study, a reduced mechanism of n-hep‐
tane/MD blends was developed based on the cross-reac‐
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tion theory to investigate the effect of cross-reactions on 
diesel/biodiesel combustion predictions.

2.4  Mechanism reduction strategy

2.4.1 Reactor model
In this study, the effectiveness of the reduced mecha‐

nism was assessed using laminar flame speed, ignition 
delay time, and CO and OH concentration as indicators. 
The premixed flame model and closed homogeneous reac‐
tor from Chemkin-Pro were used for model calculations. 
The premixed flame model was used to calculate the lami‐
nar flame speed and the closed homogeneous reactor to 
compute the ignition delay time.

2.4.2 Reduction strategy
To maintain the high accuracy of the reduced mecha‐

nism, we used DRG, DRGEP, and FSSA in this study. The 
DRGEP and DRG methods were used to identify strongly 
coupled species in the detailed mechanism, along with the 
reduction targets of CO, CO2, and ignition delay time. 
Both methods were used alternately to remove redundant 
single-component species and obtain the reduced-scale 
response mechanism. Then, FSSA was performed to delete 
the remaining primitive reactions that showed no evident 
effect on the target products. After reduction, the reduced 
mechanism was verified via experimental results and 
detailed mechanisms. Finally, the reduced mechanisms of 
n-heptane and MD were merged. The detailed and reduced 
mechanism scales of n-heptane and MD are shown in 
Table 1, and the reduction strategy is displayed in Figure 1.

2.5  Development of reduced mechanism with 
cross-reaction

Cross-reactions were developed based on the reduced 
n-heptane/MD dual-fuel mechanisms. In accordance with 
the cross-reaction theory, macromolecular intermediates 
were extracted to develop a reduced mechanism with 
cross-reactions. Modeling studies of n-heptane/MD oxida‐
tion processes were carried out under various simulation 
conditions. The results were used to analyze the macromo‐
lecular intermediates, with the simulation conditions set 
out in Table 2. Previous research revealed that cross-reac‐
tions mainly occur in the low- and medium-temperature 

ranges and are insensitive to changes in pressure and equiva‐
lence ratio (Liu et al., 2021). This finding is explained as 
follows. H abstraction is the predominant part of the reac‐
tion at the medium-temperature range, and the reaction 
energy is insufficient to support the cleavage reaction of 
n-heptane. In this work, sensitivity analysis was performed 
using intermediate temperatures, and the results were used 
to construct the cross-reaction. The important intermediate 
products were obtained from the oxidation process of n-hep‐
tane/MD in the following conditions: ϕ=1.0, p=30 bar, and 
T =1 000 K (Figures 2‒5).

The extraction reaction of H-atoms from fuel (Eq. (4)) 
and the addition reaction of alkyl radicals to O2 (Eq. (5)) 
dominate the low-temperature phase of fuel oxidation 
(Curran et al., 1998). N-heptane undergoes the reaction in 

Table 1　Scales of detailed and reduced mechanisms

Fuel

N-heptane

Methyl 
decanoate

Mechanism

Detailed mechanism 
(Zhang et al., 2016)

Reduced mechanism

Detailed mechanism
(Sarathy et al., 2011)

Reduced mechanism

Species

1 269

128

621

271

Reactions

5 336

593

2 998

990

Figure 1　Simplification method and strategy

Table 2　Analysis conditions

Substitution condition

N-heptane and MD

T (K)

600–1 500

p (bar)

10–30

ϕ

0.5–1.5

Figure 2　Component consumption reaction path of n-heptane
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Eq. (4) to produce four structurally different alkyl radicals, 
which then participate in addition reactions (Eq. (5)) to 
produce peroxyalkyl. Thus, from the results in Figure 2, the 
dehydrogenation (C7H15-1, C7H15-2, C7H15-3, and C7H15-4) 
and oxidation products (C7H15-1O2, C7H15-2O2, C7H15-3O2, 
and C7H15-4O2) serve as the predominant consumption 
pathways of n-heptane. The results of normalized sensitivity 
analysis demonstrate the decisive role of intermediate com‐
ponents in the consumption of n-heptane.

RH + OH = R + H2O (4)

R + O2 = RO2 (5)

Reaction path and sensitivity analyses were used to ana‐
lyze the dominant reaction of MD, and the results are 
shown in Figures 4 and 5. Yang et al. (2021) pointed out 
that the key consumption path of MD involves the attach‐
ment of hydrogen to carbon at varying positions adjacent 
to the carbonyl group within the ester functional group. 
Radicals, such as OH, H, O, and HO2, consume the most 
H from MD. The dominant reactions were the hydrogen 
abstraction reaction of the unimolecular fuel and the sub‐
sequent isomerization reaction (Eq. (6)) of RO2 resulting 
from the additional reaction with oxygens. MD2J and its 
isomers were identified as important products for the con‐
struction of cross-reactions. In consideration of the type of 
cross-reaction and sensitivity analysis results, MD2O2 and 
its isomers should be added to the reduced mechanism.

RO2 = QOOH (6)

Therefore, cross-reaction development was performed 
based on the results of intermediate product analysis, and 
the combustion rate parameters were improved, referring to 
the work of Curran et al. (1998) and Herbinet et al. (2008). 
A total of 108 cross-reactions of n-heptane with MD were 

added to Model I, which was consequently denoted as 
Model II, which now consisted of 800 reactions of 288 
species. All these added cross-reactions are shown in the 
Appendix.

3  Verification and analysis of the reduced 
mechanism

The reduced mechanism was widely verified against 
fundamental combustion experiments on each pure compo‐
nent and its blends. To ensure the accuracy of the reduced 
mechanism, we used ignition delay time and laminar 
flame speed.

3.1  Verification of the n-heptane reduced 
mechanism

To validate the n-heptane reduced mechanism, we selected 
several shock tube studies (Ciezki and Adomeit, 1993; 
Heufer and Olivier, 2010; Zhang et al., 2016) for compari‐
son with the model predictions. Figure 6 displays the predic‐
tions and experimental results for n-heptane. Figure 6(a) 
shows the consistency of detailed and reduced mechanisms 
in terms of the ignition delay time. In addition, the reduced 

Figure 3　Component consumption sensitivity analysis of n-heptane

Figure 4　Component consumption reaction path of MD

Figure 5　Component consumption sensitivity analysis of methyl 
decanoate
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mechanism is situated higher than the detailed mechanism 
in the NTC region. As exhibited in Figure 6(b), the reduced 
mechanism corresponded well to the trend of experimental 
results provided by Heufer and Olivier (2010) and Zhang 
et al. (2016). Overall, the NTC region of the ignition pro‐
cess for n-heptane was evident in predictions and the experi‐
mental results. The good overlap between predictions and 
experimental results demonstrates this reduced mecha‐
nism’s reliability for the prediction of ignition delay.

The current mechanism was validated using the n-hep‐
tane laminar flame speed data from previous works (Dirren‐
berger et al., 2014; Kelly et al., 2011). Figure 7 illustrates 
the laminar flame speed of n-heptane at a pressure of 1 bar 
and temperatures of 298 and 398 K. The detailed mecha‐
nism showed a good agreement with the verified experi‐
mental findings. The predictions of the detailed mechanism 
were almost identical to the experimental results. Figure 8 
shows the n-heptane laminar flame speed at 353 K at pres‐
sures of 1 and 5 bar. The reduced and detailed mechanisms 
were in good agreement with the experimental finding. The 
overall trend did not change after reduction, but the reduced 
mechanism provided higher predictions than the detailed 
mechanism. The higher predictions are the outcome of the 
deletion of some intermediates and related reactions dur‐

ing the mechanism reduction, reaction rate errors, and 
lack of agreement on the reaction conditions. The reduced 
mechanism sacrifices a part of the prediction accuracy 
but gains a fast computational speed and a small mecha‐
nism scale.

3.2  Verification of the MD reduced mechanism

We selected the results of the shock tube test to validate 
the reduced mechanism of MD (Wang et al., 2013). MD/air 
mixtures were investigated at equivalence ratios of 0.5, 
1.0, and 1.5, temperatures from 653 to 1 336 K, and pres‐
sures of approximately 15–16 atm (Figure 9). The mecha‐
nism reproduces the behavior of the fully detailed mecha‐
nism in plug flow and stirred reactors at temperatures of 
900–1 800 K, equivalence ratios of 0.25–2.0, pressures 
of 101 and 1 013 kPa (Figures 10 and 11). Figure 9 
shows that the detailed and reduced mechanisms were in 
good agreement with the predicted results. The experi‐
mental results were close to the predictions in the intermedi‐
ate- and high-temperature ranges. However, in the low-
temperature ranges, the predictions do not reflect the char‐
acteristics of the experimental findings (Talukder and Lee, 

Figure 7　Experimental (symbols) and modeling results (lines) for 
the laminar flame speed of n-heptane at 1 bar and different initial 
temperatures

Figure 8　Experimental (symbols) and modeling results (lines) for 
the laminar flame speed of n-heptane at 353 K and various pressures

Figure 6　Experimental (symbols) and modeling results (lines) for 
n-heptane ignition delay at different conditions. The solid and dashed 
lines are the reduced and detailed mechanisms, respectively
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2018). Figure 10 illustrates the laminar flame speed for 
MD at two temperatures (423 and 473 K) and a pressure 
of 2 bar. Figure 11 reveals the laminar flame speed at a 
temperature of 473 K and pressures of 2, 4, and 6 bar. 
Some differences were observed between the reduced and 
detailed mechanisms in terms of the laminar flame speed 
results for MD, with the latter predicting greater results 
than the former. The results of model predictions show a 
good agreement with the experimental results, with a differ‐
ence of less than 10%. Thus, the predictions of the reduced 
mechanism can be used in the calculation of the MD oxi‐
dation process.

3.3  Verification of n-heptane/MD mechanism

Biodiesel research has been focused on engine perfor‐
mance at different biodiesel replacement rates. In this study, 
the predictions of ignition delay time at various MD substi‐
tution rates (B0, B20, B40, B60, B80, and B100) during 
the oxidation process of n-heptane/MD blends were calcu‐
lated. Figure 12 presents the reduced-mechanism predic‐
tions with and without cross-reactions against experimen‐
tal values and the relative error between predictions. The 
symbols represent the experimental results from another 
work (Hoang and Thi, 2015), the lines correspond to model 

predictions, the solid lines indicate the results of the with‐
out cross-reactions model (Model I), and the dashed lines 
are those obtained with cross-reaction model (Model II) 
findings. Experimental and prediction results were obtained 
at equivalence ratios of 0.5–1.5 and a pressure of 1.2 bar. 
The findings follow the same trend at different substitution 
ratios, with the ignition delay time decreasing with temper‐
ature and the equivalence ratios increasing. Comparison of 
the simulation results of Models I and II at ϕ=1.5 and T= 
1 600 K revealed the inconsistency in the different substi‐
tution ratios of biodiesel. The experimental findings are 
consistent with the prediction trends, and the results of 
Model II are more accurate than those of Model I.

In this study, relative deviations (δ) were calculated based 
on the ignition delay time of Models I and II. The δ were 
used to evaluate the effect of cross-reactions on ignition 
delay time (Eq. (7)). τcross and τnocross denote the ignition delay 
times of the reduced mechanism with and without cross-
reactions, respectively. The point lines in Figure 12 show 
the variation pattern of δ at different temperatures and equiv‐
alent ratios. Figure 12 shows that δ was mostly influenced 
by the initial temperature, and the temperature determines 
the trend of δ. At the equivalence ratio of 1.5, Model I had 
an inaccurate result in the prediction of the high-tempera‐
ture combustion characteristics of the blends. The overall 
trend of δ decreased with the increase in the temperature, 
which is consistent with the cross-reactions that mainly 
occurred at intermediate-temperature ranges.

δ = | (τcross − τnocross ) /τnocross | × 100% (7)

4  Influence of cross-reaction on the oxidation 
process

4.1  Prediction of n-heptane/MD oxidation

Additional ignition delay time predictions using Models 
I and II were required to investigate the influence of cross-

Figure 9　Experimental (symbols) and modeling results (lines) for 
the ignition delay of methyl decanoate

Figure 10　Experimental (symbols) and modeling results (lines) for 
the laminar flame speed of MD at 2 bar and different initial 
temperatures

Figure 11　Experimental (symbols) and modeling results (lines) for 
the laminar flame speed of MD at the initial temperature of 473 K 
and different pressures
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reaction in the n-heptane/MD oxidation process. Figure 12 
shows the crucial effect of the addition of cross-reactions 
on the oxidation process of blends at various substitution 
ratios. This study was carried out using Models I and II to 
predict the ignition delay time under different substitution 
ratio, temperature, pressure, and equivalence ratio condi‐
tions. Table 3 shows the conditions for prediction, which 
cover a wide range of temperature and pressure conditions. 
The results under different temperatures, pressures, equiva‐
lence ratios, and substitution ratios were obtained and used 
to form the prediction map.

Figure 13 illustrates the ignition delay time with and with‐
out cross-reactions for B0-B100 at different temperatures, 
pressures, and equivalence ratios: (a) X: substitution ratio, 

Y: temperature; (b) X: substitution ratio, Y: equivalence 
ratio; (c) X: substitution ratio, Y: pressure. Figure 13(a) 
shows that the ignition delay time decreased with the 
increase in the temperature. Moreover, the trend was mainly 
influenced by temperature variation and with a minimal 
relation to the biodiesel substitution ratio. The prediction is 
generally longer when considering the cross-reaction of 
n-heptane/MD. The relative deviations in the predictions of 
Models I and II increased and then decreased with the 
increase in the temperature and were mainly concentrated 

Figure 12　Validation of reduced mechanism of n-heptane/MD (with and without cross-reaction)

Table 3　Prediction conditions

Substitution ratio of biodiesel

B0-B100

T (K)

600–1 700

p (bar)

10–80

ϕ

0.5–1.5
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in the intermediate-temperature range (700 ‒ 1 000 K), 
especially at 900 K. Figures 13(b) and 13(c) show the pre‐
dictions for n-heptane/MD at various equivalence ratio and 
pressure conditions. The predictions of Models I and II 
reveal that the ignition delay time decreased as the pres‐
sure and equivalence ratio increased. The predictions of 
different MD substitution ratios followed the same trend. 
Combining Figures 13(a), 13(b), and 13(c), the cross-reac‐
tion for the n-heptane/MD oxidation process mainly affected 
the NTC region, which led to an increase in the ignition 
delay time.

Different substitution ratios of MD had different effects 
on the combustion characteristics. The NTC of cross-reac‐
tions at different temperatures, pressures, and equivalence 
ratios was investigated to optimize the oxidation process 
of diesel/biodiesel (Figure 14). Figure 14 shows that the 
ignition delay time first increased with the increase in the 
MD substitution rate at 600–1 000 K and then decreased 
with the increase in the MD substitution rate at temperatures 
above 1 000 K. In addition, the cross-reactions increased 
the ignition delay time in the NTC region. As illustrated in 
Figures 14(a) and 14(c), the increase in ignition delay time 
after the addition of the cross-reaction occurred in the 
region of 700–1 000 K, and the increase in pressure did not 
change the temperature region. Figure 14(b) shows that the 
NTC region affected by cross-reactions occurred mainly in 
the range of 800–1 000 K, which increased the equivalence 
ratio and reduced the cross-reaction region. Thus, the cross-
reactions were mainly controlled by the temperature, and 
the increased equivalence ratio decreased the cross-reac‐
tion effect.

According to the experiments, the B20 concentration 
blend exhibited a better performance in reducing emis‐
sions and lowering brake-specific fuel consumption (Şener, 
2021). This concentration is the most commonly used sub‐
stitution ratio of biodiesel and shows considerable poten‐
tial (Lu and Chai, 2011). Therefore, subsequent studies 
were conducted to analyze the fuel oxidation process for 
the blend. Especially, the NTC region was most affected 
by the cross-reactions.

4.2  Sensitivity analysis with and without cross-
reaction

Figure 15 shows the results of the sensitivity analysis 
of ignition delay time under different reaction initial con‐
ditions. Figure 15(a) indicates that the cross-reactions 
decreased the reactivity of n-heptane/MD. The addition of 
cross-reactions affected the dominant reaction, which in 
turn showed a greater effect on the ignition delay time. The 
reactivity of n-heptane/MD was affected by cross-reac‐
tions. NC7H16+OH<=>C7H16-2+H2O was the most impor‐
tant reaction, with a sensitivity coefficient of less than 
50% of that without cross-reactions. The contribution of MD 
consumption reaction to ignition decreased at 700 K when 

cross-reactions were added. The cross-reaction increased the 
OH consumption pathway, especially for the n-heptane 
intermediate oxidation product C7H15-3O2. The reaction 
C7H15-3O2<=>C7H14-2+HO2 caused an increase in HO2 pro‐
duction, which in turn increased the OH consumption 

Figure 13　Maps of ignition delay time at different conditions

627



Journal of Marine Science and Application 

through the reaction HO2+OH<=>H2O+O2. As a result, the 
H extraction reaction of n-heptane by OH was inhibited. 
The depletion reaction of CH3O2 on OH and the decompo‐
sition of C7H13Q14-2 to form HO2 reactions also increased 
the OH depletion pathway to some extent, which increased 
the ignition delay time.

Figure 15(b) shows that the dominant reaction of igni‐
Figure 15　Sensitivity analysis of ignition delay time for different 
reaction initial conditions

Figure 14　Ignition delay time with and without cross-reactions of 
n-heptane/MD at different conditions, with cross-reaction (red), 
without cross-reaction (black)
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tion delay time was H2O2(+M) <=>2OH(+M), which was 
not considerably affected by the addition of cross-reactions. 
The increase in ignition delay time (Figure 14) in the 
presence of added cross-reactions at 900 K was mainly 
influenced by the following reactions: C7H15-3O2<=>
C7H14-2+HO2 and HO2+OH<=>H2O+O2. The above reac‐
tions increased the pathway to produce HO2, which resulted 
in OH consumption. The addition of cross-reactions also 
reduced the importance of the H2O2 generation reaction in 
the ignition process. In addition to the above reactions, the 
depletion reaction of n-heptane, NC7H16+OH<=>C7H15-1+
H2O, and the isomerization of the intermediate oxidation 
production C7H15-3O2<=>C7H14OOH3-5 influenced the 
increase in the ignition delay time.

According to Figure 14(a), the effect of cross-reaction 
on the ignition delay time was tremendously reduced at 
1 000 K. Figure 15(c) reveals that the number of different 
reactions present in the comparison of the results for condi‐
tions with and without cross-reaction decreased. The two 
reactions with the greatest influence on the ignition delay 
time are of equal importance: H2O2(+M) <=>2OH(+M), 
H2O2+O2<=>2HO2. H2O2+OH<=>H2O+HO2, which con‐
sumes OH to produce HO2, is a possible contributing fac‐
tor to the increase in the ignition delay time.

As displayed in Figure 15, the cross-reaction worked 
mainly in the intermediate-temperature range and greatly 
affected the ignition delay time. The cross-reactions mainly 
contributed to a slow rate of n-heptane/MD consumption 
and increased the intermediate-product consumption path‐
way, HO2 production, and OH consumption pathway. The 
following cross-reaction analysis was performed pm the 
production and consumption of reactants, intermediates, 
and small-molecule radicals. All concentration variation 
data results were obtained at T=900 K, p=30 bar, and 
ϕ=1.0.

4.3  Mass fraction analysis of key species with 
and without cross-reaction

Figures 16(a) and 16(b) show the changes in n-heptane 
and MD concentrations, respectively, after cross-reaction 
addition and comparison with the mechanism without 
cross-reaction. The initial consumption rate of n-heptane 
and MD decreased after the addition of the cross-reaction 
compared with the case without it. The increase in the 
time required to complete the oxidation of n-heptane and 
MD is consistent with the results derived from Figure 15. 
This finding indicates the inhibitory effect of the cross-
reaction on reactant consumption.

Figure 17 illustrates the changes in the concentrations of 
some intermediate products of n-heptane/MD. The main 
components of the cross-reaction included the dehydroge‐
nation and oxidation products of the reactants. The changes 
in the concentrations of the intermediate products must be 
analyzed to gain insights into the cross-reaction. N-hep‐

tane dehydrogenation produced produced C7H15-3 and 
C7H15-4, which were minimally affected by the cross-reac‐
tion. The concentrations of C7H15-1 and C7H15-2 decreased, 
demonstrating the inhibitory effect of the cross-reaction on 
n-heptane consumption. Analysis of the concentration of 
n-heptane oxidation products showed an increase in the 
concentration of C7H15-3O2, which is consistent with the 
results in Figure 15 and a decrease in the concentration of 
C7H15-1O2, which is less significant than that observed with 
the cross-reaction.

Figures 17(b) and 17(d) show the concentration change 
of the MD dehydrogenation and oxidation products. The 
results of sensitivity analysis indicate the weak contribution 
of MD to the ignition. The effect of cross-reaction on MD 
was mainly manifested as the inhibition of the consump‐
tion reaction of MD, which delayed the reaction of MD.

Figure 18 illustrates the changes in the concentrations of 
the free radicals H2O2, HO2, and OH. Figure 15 shows that 
H2O2(+M)<=>2OH(+M) is the dominant reaction affecting 
the ignition delay time, and the study of the variation in 
radical concentration is essential to understanding the cross-
reaction. The decomposition of H2O2 caused a large pro‐
duction of OH. However, the cross-reaction and the deple‐
tion reaction HO2+OH<=>H2O+O2 promoted the HO2 pro‐
duction and OH depletion pathways, respectively. In addi‐
tion, the cross-reaction showed an inhibitory effect on the 
production of H2O2, HO2, and OH.

Figure 16　Mole fractions of n-heptane and methyl decanoate
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4.4  Comparison of detailed and reduced 
mechanism with and without cross-reaction

To compare the effects of mechanisms with and without 
cross-reaction of engine combustion, we embedded both 
mechanisms into the 3D-CFD simulation software. A com‐

bustion chamber model was constructed (Figure 19), and 
the compression and combustion processes were simulated. 
Tables 4 and 5 list the initial and temperature boundary 
conditions, respectively, at 25% engine load. Figure 20 
shows the comparison results for the in-cylinder pressures 
and heat release rates obtained using the reduced mecha‐
nisms with and without cross-reaction when the percentages 
of n-heptane and MD in the blended fuel were 80% and 
20%, respectively. Figure 20 reveals the applicability of 
the developed mechanisms to the simulation of the com‐
bustion process of dual-fuel engines fueled with diesel and 
biodiesel. The peak values of in-cylinder pressure and 
HRR of the cross-reaction mechanism were slightly lower, 
and the peak phase was later than that of the mechanism 
without cross-reactions. Small differences occurred be‐
cause the cross-reaction reduced the consumption rate of n-
heptane and MD, which increased the ignition delay time.Figure 17　Mole fraction of intermediate production of n-heptane 

and methyl decanoate

Figure 18　Small-molecule radicals of n-heptane and MD at T = 900 K, 
p = 30 bar, ϕ = 1; red line: cross-reaction; black line: no cross-reaction

Figure 19　Model of 1/6 engine
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5 Conclusions

In this study, the detailed mechanisms of n-heptane and 
MD were reduced via DRG, DRGEP, and FSSA, and the 
cross-reactions were added to the merged reduced mecha‐
nism of n-heptane/MD. The mechanisms were validated 
based on published experimental results on ignition delay 
time and laminar flame speed. The ignition delay time 
properties of the reduced n-heptane/MD mechanism were 
validated using the experiment results on various concen‐
trations of diesel/biodiesel blends. In addition, multicase 
ignition delays were predicted under the parameter matrix 
to establish prediction maps with and without cross-reac‐
tions. Finally, sensitivity and concentration analyses were 
carried out to characterize the role of cross-reactions and 
identify the dominant reaction and species on the n-hep‐
tane/MD oxidation process. The main conclusions can be 
summarized as follows:

1) The reduced n-heptane/MD mechanism with cross-
reactions consisting of 800 reactions and 288 species was 
developed. At the conditions of T=1 200 – 1 700 K, p= 

1.2 bar, ϕ=0.5–1.5 and B0-B100, compared with the ex‐
perimental results on diesel and biodiesel, the reduced 
mechanism with cross-reactions was more accurate than 
that without.

2) The prediction maps of ignition delay time with vari‐
ous MD substitution ratios and initial conditions illustrate 
that the addition of the MD decreased the ignition delay 
time at low-temperature conditions of 600–1 000 K and 
increased it at high-temperature conditions (1 000–1 700 K).

3) The cross-reaction was mainly controlled by tempera‐
ture, and at low-to-medium temperatures, cross-reactions 
had a noticeable effect on the oxidation reaction of n-hep‐
tane/MD at 700–1 000 K. The effect range of cross-reac‐
tions slightly widened with the increase in the pressure. 
Increasing the mixture concentration from ϕ=0.5 to ϕ=1.0 
inhibited the cross-reaction. Therefore, the temperature 
range of the cross-reaction effect was narrowed to 800–
1 000 K.

4) Cross-reactions slowed down the consumption rates 
of n-heptane and MD and increased the generation times 
of OH, HO2, and H2O2, which directly account for the 
increased ignition delay time and reduced reactivities of 
the blends.

5) The 3D-CFD simulation findings on the dual-fuel 
engine fueled with diesel and biodiesel using the reduced 
mechanisms with and without cross-reaction showed that 
the developed reduced mechanism model can reflect well 
the effect of cross-reaction on the combustion process in 
internal combustion engines.
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