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A B S T R A C T   

In this study, a compact combined reaction mechanism for diesel-biodiesel-gasoline mixtures (CDBG) is devel
oped, comprising n-heptane, methyl butanoate (MB) and methyl decanoate (MD) as well as toluene and isooctane 
to represent the combustion characteristics of diesel, biodiesel and gasoline fuels, respectively. The mechanisms 
are separately reduced prior to combining by means of directed relation graph (DRG), directed relation graphs 
with error propagation (DRGEP) and full species sensitivity analysis (FSSA). The reduced mechanisms are then 
combined, and extensive validations are carried out for closed homogenous reactor application under the 
following conditions: T = 600–1700 K, P = 1–50 atm, and equivalence ratios (Φ) of 0.25–1.5 (156 setups in 
total). To boost the accuracy of the CDBG mechanism, cross-reaction analysis is performed to identify the 
important intermediate species and reactions. The identified species and reactions are subsequently integrated 
into the CDBG mechanism, resulting in significant improvements in ID timings up to 30%, 18% and 16% for the 
CDBG sub-mechanisms of diesel, biodiesel and gasoline, respectively. In addition, Arrhenius rate constant 
optimisation is also employed to further improve the ignition behaviour of the proposed kinetic mechanism. The 
results revealed that the dual implementation of the cross-reaction analysis and Arrhenius rate constant opti
misation diminished the maximum associated errors considerably, down to 14.6%, 16.9% and 14.9% for the 
CDBG sub-mechanisms of diesel, biodiesel and gasoline, respectively. Concisely, the best results achieved at T =
600–1700 K were P = 41 atm and Φ=1, P = 1,4 atm and Φ=1, and P = 50 bar and Φ=0.3 for diesel, biodiesel and 
gasoline surrogates, respectively.   

1. Introduction 

The use of biodiesel in diesel engines adversely impacts the engine 
functionality and durability in the long-term due to its physicochemical 
properties [1]. Spray atomization and mixing issues caused by higher 
fuel viscosity, carbon deposition and adhesion of piston ring lead to 
problematic emissions control (particularly nitrogen oxide (NOx)) and 
reduction in performance and service intervals biodiesel combustion in 
engines [2, 3]. Strategies to counter the abovementioned concerns 
include fuel preheating or using additives to enhance the combustion 
and emission characteristics of diesel-biodiesel blends have been pro
posed [4], but these inevitably reduce the commercial viability of 

biodiesel. A more practically viable and feasible solution is to change the 
fuelling strategy by the addition of gasoline to resolve the fuelling 
reactivity associated with biodiesel fuels [5, 6]. This novel fuelling 
strategy has been reported to improve the overall functionality of die
sel/biodiesel mixtures as well as engine performance under appropriate 
calibrations [7]. By adding gasoline, the combustion behaviour of die
sel/biodiesel blends, particularly the ignition delay (ID) timing, is 
altered which provides more favourable air-fuel blending that ulti
mately controls the emissions [8]. The simultaneous reduction in NOx 
and particulate matter (PM) has also been reported by the employment 
of gasoline cooperatively with exhaust gas recirculation and multiple 
injection techniques [9, 10]. 
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To understand the combustion and emission characteristics of diesel- 
biodiesel-gasoline mixtures, both experimental and numerical analyses 
are needed. Numerical approaches are favoured over experimental 
studies, given the heavy demand and cumbersome time- and cost-related 
issues with the latter [11]. In the context of numerical research, surro
gate models that are capable of replicating the combustion of actual 
fuels such as diesel have been proposed [12]. As such, to date, much 
research efforts have been expended on developing detailed chemical 
kinetic mechanisms that encompass a larger number of species and re
actions found in the actual fuels. By incorporating chemical kinetic 
mechanisms into multi-dimensional computational fluid dynamics 
(CFD) modelling, engine-related phenomena such as the oxidation, 
ignition, combustion and emissions formation processes can be eluci
dated [13, 14]. However, despite the improvements achieved in 
computing power, it is still not practically viable to integrate such large 
detailed mechanisms into CFD simulations, due to the considerable 
required central processing unit (CPU) time and memory. The compu
tational cost escalates by the third power of the species number, and the 
utilization of these detailed mechanisms can impose computational 
stiffness even for one-dimensional simulations [15]. Hence, amongst the 
available techniques to solve large detailed kinetic mechanisms, 
reduction techniques are more desirable particularly for 3D CFD simu
lations [16]. This apparent need for reduced mechanisms led to the 
development of mechanism reduction methods viz. directed relation 
graph (DRG) [17, 18] and dynamic adaptive chemistry (DAC) [19, 20]. 
Furthermore, the DRG method can also be combined with error propa
gation [21] and sensitivity analysis [22] techniques forming other 
reduction methods known as DRGEP and DRGEPSA, respectively, which 
are used to further reduce the mechanisms and remove unimportant 
reactions and species. 

Concerning diesel-biodiesel mixtures, a compact combined reaction 
mechanism was proposed by Ng et al. [1] via the combination of 
three-component mechanisms and a chemical class-based method. Their 
proposed mechanism contained the reaction schemes of methyl croto
nate (MC) and methyl butanoate (MB) to account for the biodiesel sur
rogate and n-heptane as a surrogate for diesel. The final mechanism 
consisted of 80 species and 299 reactions and it was validated against 
234 test conditions entailing pressures of 40–60 bar, initial temperatures 
of 750–1350 K and equivalence ratios of 0.4–1.5. Another 
multi-component mechanism applicable for simulating biodiesel, diesel 
and their blend fuels was introduced by An et al. [23] for biodiesel 
combustion in diesel engine, which comprised of methyl decanoate 
(MD), methyl-9-decenoate (MD9D) and n-heptane. The mechanism 
consisted of 112 species participating in 498 reactions in conjunction 
with the necessary mechanisms for carbon monoxide (CO), NOx and 
soot formations. Extensive validations were conducted for the proposed 
skeletal chemical kinetic mechanism for 0-D ignition delay (ID) testing 
and 3-D engine simulations. Other similar investigations concerning 
multi-component chemical kinetic mechanisms for diesel-biodiesel 
mixtures have also been reported in the literature [24, 25]. 

Moreover, Li et al. [26] developed a chemical kinetic mechanism 
suitable for modelling studies on dual- and blend-fuel combustion of 
diesel-gasoline and biodiesel-gasoline in internal combustion (IC) en
gines. They integrated the chemical kinetic mechanisms of n-heptane, 
isooctane, MD and MD9D in their study. The ID timing for each of the 
sub-mechanisms was validated individually under 102 conditions. The 
validated mechanism comprised of 107 species and 425 reactions. 
Subsequently, the developed multicomponent mechanism was further 
validated under three-dimensional modelling under both single and 
double injection strategies of the respective fuels. Another major work in 
multi-component chemical kinetic mechanisms was conducted by Ren 
et al. [27], in which 11 components from six different classes of hy
drocarbons were employed for the combustion and soot formation 
predictions of wide distillation fuel (WDF) covering gasoline, jet and 
diesel fuels. Their chemical mechanism consisted of 178 species and 758 
reactions and it was extensively validated against experimental data for 

the ID timing, laminar flame speeds, species mole fractions and com
bustion data of direct injection compression ignition (DICI) engines. 
Their proposed mechanism was not only validated for each pure 
component individually, but also for different surrogate fuels for gaso
line, jet fuel and diesel fuel. 

Furthermore, Zhong et al. [28] provided insights into the spray 
combustion and emission characteristics of biodiesel-gasoline blends 
using CFD simulations in a constant volume chamber. In their research, 
toluene reference fuel and n-hexadecane were integrated as surrogates 
for gasoline and hydrogenated catalytic biodiesel (HCB) fuel, respec
tively. Furthermore, they developed a reduced kinetic mechanism 
combined with a reduced polycyclic aromatic hydrocarbon (PAH) 
mechanism to model the HCB-gasoline soot formation and spray com
bustion. The accuracy of their proposed mechanism was benchmarked 
against the ID timing, liquid penetration length, lift-off length and soot 
formation. It was ascertained that their mechanism in conjunction with 
a multi-step phenomenological soot model could accurately replicate 
the spray characteristics and soot formation of the respective fuels under 
gasoline compression ignition (GCI) engine combustion conditions. 

Nonetheless, in most of the investigations conducted on multi- 
component dual fuel surrogates that concerns the utilisation of 
reduced mechanisms, there is a lack of accuracy which is imposed by the 
elimination of important species and their associated reactions while 
being reduced. To this end, the integration of cross-reactions analysis is 
viable to address this issue, where the free radicals produced by one fuel 
extract hydrogen ions from another existing fuel in the mixture are 
recognised during the oxidation process and added to the reduced 
mechanism. As such, Liu et al. [29] proposed a reduced 
multi-component chemical kinetic mechanism for a diesel-natural gas 
dual fuel engine using cross-reactions analysis. Their results revealed 
that the integration of cross-reactions noticeably enhanced the predic
tion accuracy of the ignition behaviour for the reduced mechanism 
particularly at low to medium temperatures. In addition, the optimisa
tion of Arrhenius reaction rate constants is also proven to maintain the 
accuracy of the detailed mechanisms upon reduction. Poon et al. [30], 
for instance, utilised the Arrhenius parameters optimisation in their 
developed multi-component diesel surrogate fuel model and it was 
discerned that more accurate perditions of the ID timing and species 
concentrations were achieved under a diverse range of operating con
ditions. Henceforth, in this research, it is attempted to incorporate both 
the abovementioned methods to improve the accuracy of the developed 
mechanism. 

The practical utilization of biodiesel fuels in the transportation sector 
still involves mixing with diesel fuels. However, since diesel fuels are 
non-renewable, the transportation sector will see increasing blends of 
biodiesels usage with time. Furthermore, the mixing of gasoline into 
diesel-biodiesel blends comes with some concerns such as the erratic 
combustion behaviour of gasoline mixtures under various loads that 
must be resolved to ascertain the optimum operating conditions. 
Therefore, there is a need for numerical investigations of the combustion 
behaviour of such mixtures before increasing the ratio of gasoline or 
biodiesel, to detect and resolve the challenges involved and achieve 
combustion reliability. Relating to this, the proposal of a robust and yet 
practically manageable multi-component chemical kinetic mechanism 
that can accurately capture the ignition behaviour of the respective 
mixture is of interest. Despite the advances attained in chemical kinetic 
mechanisms for dual fuelling strategies, there has not been a proposed 
multi-component chemical kinetic mechanism to study the combustion- 
related phenomena of diesel-biodiesel-gasoline mixtures. Therefore, in 
the present study, a novel compact diesel-biodiesel-gasoline (CDBG) 
reaction mechanism combined with cross-reactions analysis and 
Arrhenius reaction rate constants optimisation is developed to replicate 
the combustion-relevant phenomena of the respective blend under 
various operating conditions. 

In this work, appropriate chemical kinetic mechanisms are selected 
under which the main combustion-related features of diesel, biodiesel 
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and gasoline fuels are accurately replicated, whilst, avoiding computa
tional stiffness. As such, n-heptane, MB and MD and isooctane and 
toluene are utilised to emulate the ignition behaviour of diesel, biodiesel 
and gasoline fuels, respectively. Afterwards, the detailed mechanisms 
undergo multiple reduction methodologies individually, followed by 
combining the obtained reduced mechanisms into a merged mechanism. 
Subsequently, cross-reactions analysis and Arrhenius rate constants 
optimisation are investigated to further improve the ignition behaviour 
predictability of the multi-component mechanism. Lastly, a broad range 
of experimental data from the literature are extracted to ascertain the 
prediction capability of the developed multi-component CDBG mecha
nism at various temperatures, pressures and equivalence ratios for ID 
timing, flame speed and species mole fraction. 

2. Development of the reduced CDBG kinetic mechanism 

The development of the CDBG kinetic mechanism is comprised of 
four distinct stages, namely, the selection of appropriate chemical ki
netic mechanism for each fuel, the mechanisms reduction procedure, the 
cross-reaction analysis and the Arrhenius rate constants optimisation. 
Each of the abovementioned steps is demonstrated in detail in the 
following sections, and for further clarity, a schematic of the imple
mented methodologies is illustrated in Fig. 1. 

2.1. Chemical kinetic mechanisms assortments 

The selection of integrated mechanisms must usually meet two 
important criteria. First, generally the size of the chosen mechanisms 
should not be too large so they can be employed for 3-D CFD modelling. 
This means that, attempting to fully replicate the actual fuel charac
terization will inevitably result in a rise in the complexity of the 
mechanism [29]. On the other hand, the intended mechanisms must be 
in close similarity with the target fuel in terms of its ignition charac
teristics [31]. 

The integration of surrogate mixtures is usually limited by the 
availability of reference species that can be found in the validated 
chemical kinetic mechanisms [32, 33]. An analysis of the potential 
surrogate models for emulating the thermophysical properties of diesel 
fuels have been conducted by Lin and Tavlarides [34]. amongst the 
available single-component surrogates, n-alkanes are widely utilized to 
represent the thermophysical properties of diesel fuels because they are 
the major components of diesel fuels and their oxidation processes are 
well-established [32]. N-heptane is a frequently employed surrogate to 

represent the combustion behaviour of diesel fuels owing to its cetane 
number closeness to actual diesel fuels. One of the major works in 
chemical kinetic mechanisms development for diesel fuels was con
ducted at the Lawrence Livermore National Laboratory (LLNL) by 
Curran et al. [35], which has been employed extensively by other re
searchers to form reduced mechanisms [36, 37]. Another significant 
recent development of n-heptane kinetic mechanism has been carried 
out by the Chemical Reaction Engineering & Chemical Kinetics (CRECK) 
modelling research group, with the simultaneous integration of reaction 
mechanisms for soot formation and NOx emissions under both low and 
high temperature conditions [38, 39]. Thus, to emulate the chemistry of 
diesel fuel, the n-heptane reaction mechanism comprising 654 species 
and 2827 reactions developed by the LLNL is employed [35, 40, 41]. 

As for biodiesel surrogate models, the kinetic mechanism of methyl 
butanoate (MB) has been utilised to reproduce the combustion kinetics 
of biodiesel fuels. Brakora et al. [42] utilised the combination of MB and 
n-heptane to emulate the methyl linoleate structure found in 
diesel-biodiesel mixtures. The size of the MB reaction mechanism is 
practically manageable to be used for 3-D CFD modelling [43]. How
ever, the incorporation of the MB surrogate model was found to be 
insufficient to represent the carbonyl chain length of actual biodiesel 
fuels [16, 44], which led to inaccuracies in emulating the reactivity 
levels of biodiesels, especially for the negative temperature coefficient 
(NTC) region [45]. Henceforth, it was discerned that employing larger 
detailed mechanisms such as methyl decanoate (MD) and 
methyl-9-decenoate (MD9D) served to address the limitation of the MB 
surrogate [46, 47]. Therefore, the kinetic mechanism of MB developed 
by the CRECK modelling research group is adopted [48–50]. Meanwhile, 
the MD reaction mechanism has been previously investigated to repli
cate the chemical features of large-sized alkyl esters of biodiesels [16, 
43, 51] whilst its reaction size is computationally viable to be employed 
[44]. Thus, the reaction mechanism of MD with 226 species and 5298 
reactions from the CRECK modelling research group is also incorporated 
[48–50]. 

To replicate the physicochemical properties of gasoline fuels, the 
primary reference fuels (PRF) comprising n-heptane and isooctane are 
commonly used [6, 52]. The PRF surrogates can accurately capture the 
ignition behaviour of high paraffinic gasoline fuels, but fail to perform 
satisfactorily for high non-paraffinic gasoline fuels [53]. The reason 
behind this deficiency traces back to their zero sensitivity toward the 
research octane number (RON) and motor octane number (MON), 
whereas high non-paraffinic gasoline fuel possesses relatively high 
sensitivity [6, 53]. To this end, the combination of toluene, n-heptane 

Fig. 1. Conceptual flow chart of the applied methodologies.  
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and isooctane known as TPRF has been developed to replicate the 
chemistry as well as the RON and MON sensitivities of actual gasoline 
fuels under a diverse range of conditions [53]. Thus, the kinetic mech
anism developed by the LLNL research group for containing necessary 
species and reactions to account for the formation of important emis
sions such as NOx and soot is selected in this work [40, 41, 54-57]. The 
incorporated mechanism contains 1393 species and 5974 reactions. 

Over the years, the detailed multi-component mechanisms devel
oped with higher number of species and reactions have been able to 
more accurately replicate combustion-related characteristics, when 
combined with other components [58]. For instance, the blend of TERF, 
which entails toluene, ethanol, isooctane and n-heptane was found to 
better emulate the ignition behaviour of gasoline [40, 59]. Also, the 
addition of n-dodecane and m-xylene was suggested as a multicompo
nent blend to accurately represent the combustion behaviour of diesel 
[60]. Besides, the blend of methyl palmitate (MHD), methyl stearate 
(MOD), methyl linoleate (MOD9D12D), methyl-5-decenoate (MD5D) 
and n-decane was recently proposed as a reliable skeletal oxidation 
surrogate mechanism for biodiesel [61]. Despite the availability of more 
complex detailed mechanisms, concerns remain regarding the 
computing resource and time needed to utilise such mechanisms. The 
higher the complexity of the integrated mechanisms, the higher the need 
for high-performance computers, particularly when it comes to 3-D 
simulations, thus leading to increased resource costs. On more afford
able but lower specifications computers, the time taken for simulations 
using more complex mechanisms increases. Therefore, to date, practi
cally manageable mechanisms in terms of computing power and time 
are still of high interest. For this reason, the mechanisms incorporated in 
this research are chosen as such to be feasible with the available 
computing power yet sufficiently accurate in predictions. 

2.2. Reduction methodology 

In this part, the utilised reduction methodologies are demonstrated 
in addition to their fundamental backgrounds. The purpose behind the 
mechanism reduction stage is to identify the species and reaction 
pathways with the least influential impacts on the overall performance 
of the mechanism, such that the associated complexities can be reduced 
whilst retaining the important features. The CHEMKIN-PRO Release 

17.0 is used to perform the reduction methods, and in order to gain the 
best reduced mechanism, the DRGEP method is firstly applied on the 
mechanisms to identify redundant species, followed by the incorpora
tion of the DRG method to further eliminate unimportant species and 
reactions [29]. Thereafter, the full species sensitivity analysis (FSSA) 
method is utilized to remove the remaining unimportant species. A 
schematic of the integrated reduction approaches is illustrated in Fig. 2. 

It is worth pointing out that it is also viable to firstly merge the ki
netic reaction mechanisms and then reduce the merged mechanism and 
vice versa [62–65]. Due to lack of sufficient experimental data for the 
simultaneous examination of diesel-biodiesel-gasoline mixtures, this 
study first reduced the mechanisms individually and then merged the 
obtained reduced mechanisms. Therefore, the sub-mechanisms of the 
final merged mechanism are benchmarked against their respective 
experimental data individually. Nonetheless, the opposite approach of 
merging first then applying the same reduction methodology was also 
tested and yielded a mechanism that requires an additional 23 species 
and 68 reactions to give relatively the same level of accuracy in terms of 
ID timing, flame speed and species mole fraction. Since the size of the 
mechanisms is of utmost importance, the former strategy is applied in 
this study. 

2.2.1. Step 1: DRGEP technique 
The DRGEP method integrates appropriate previous knowledge 

about the reaction system to detect the unimportant species present in 
the mechanism. Additionally, treating every species with different de
gree of significance will integrate the linking length between the 
coupling species. As such, as it is illustrated in Fig. 3, if species D is 
considered as an important species, species B and C will be deemed to 
have dissimilar contributions, bearing in mind the different connection 
lengths they possess to reach species D. Assuming two imaginary species 
as A and B, each species must be kept provided that when they are 
eliminated, a substantial error for the rate of production (ROP) of other 
species is imposed on the mechanism. This induced error is denoted as 
rAB and is defined as follows [16, 29]: 

rAB =
∑

i=1, I

⃒
⃒vA,iwiδBi

⃒
⃒

∑
i=1, I

⃒
⃒vA,iwi

⃒
⃒

(1)  

Fig. 2. Flow chart of the applied reduction methodologies and their corresponding reduced mechanisms.  
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which is subjected to two conditions as below: 

δBi =
{

1, if B takes part in rection i
0, otherwise (2)  

RA(B) =
max

{
rij
}
,

s (3)  

where A and B denote the intended species, i stands for the ith reaction of 
the mechanism, ʋA,i illustrates the stoichiometric coefficient of the 
species A in the ith reaction, δBi indicates the existence ratio, and Wi 
represents the reaction rate of the ith reaction. Also, the denominator 
signifies the total absolute contributions to the ROP of species A 
throughout all the reactions that encompass species A. In addition, the 
numerator denotes the contributions caused by the reactions involving 
species B as given in Fig. 3. Moreover, rij and S stand for the chain 
product of weights along with the reaction path of species A, and the set 
of all possible reaction paths from species A to species B, respectively. As 
depicted in Fig. 3, if species A is linked to another species as B, and B 
itself is in relation with another species as C, it is found that there is a 
link from species A to C through B. Therefore, in this approach if there is 
even one connection between species of A and B, in which its r value is 
higher than the user-defined threshold, species B must be retained in the 
reduced mechanism [29]. Once the component A is stored in the 
mechanism, all of the other components that could be achieved from 
component A (through either direct or indirect coupling) will be rec
ognised via their RA(B) value as given in Eq. (3) [29]. 

Furthermore, the important species associated with the fuels, 
oxidizer (21% Oxygen (O2), 79% Nitrogen (N2)), and the complete 
combustion products (Carbon dioxide (CO2), N2, and Water (H2O)) have 
been considered throughout the reduction process as target species. 
Additionally, some extra components that play important roles in the 
oxidation process, such as OH, are also given to the system. It is also 
worthy to mention that the accuracy of the reduced mechanisms goes 
hand in hand with the user-defined error tolerance value. However, it is 
found that user-defined threshold value is not directly linked to the 
imposed error because the threshold error value does not always provide 
the least reduced mechanism [66]. The error tolerance for DRGEP was 
fixed to 1E-5, hence, the species with lower rAB than the user defined 
error tolerance will be eliminated from the mechanism. It is worthy to 
mention that the maximum allowable percentage errors throughout the 
reduction procedure was also fixed at 25% in order to obtain 
manageable-sized reduced mechanisms, but not at the expense of 
compromising the accuracy of the mechanisms too much. 

As shown in Fig. 2, the DRGEP reduction approach was applied 4, 3, 
and 3 times on diesel, biodiesel, and gasoline surrogates, respectively, 
until no further reduction in mechanisms sizes was observed. It was 
discerned that the size of the associated species and reactions plunged 
sharply to 329 species and 1729 reactions for diesel surrogate, 141 
species and 2788 reactions for biodiesel surrogate, and 207 species and 
992 reactions for gasoline surrogate. This brought about significant 
mechanism size reductions of up to 49%, 38% and 85% species and 39%, 

47%, and 83% reactions for diesel, biodiesel, and gasoline, respectively. 

2.2.2. Step 2: DRG technique 
The DRG method aims at detecting the least important species in a 

reaction mechanism by means of species coupling [17, 67]. It must be 
noted that on the contrary to the DRGEP approach, the DRG method 
takes no pre-known knowledge of the intended system [29]. The main 
assumption implemented in this technique is the idea of representing 
each species in the reaction mechanism using a distinct node, while the 
connections between the species are illustrated by vertexes. 

The Eqs. (1) and 2 are also applied in DRG method and once the value 
of rAB is greater than a user-defined error tolerance, it can be perceived 
that the elimination of species B brings about an error to the ROP of 
species A; henceforth, it must be kept in the reduced mechanism if 
species A is going to be kept in the mechanism. Moreover, provided that 
the exclusion of another species as C imposes a noteworthy error to the 
ROP of species B, the retaining of species A also requires the species C to 
be kept, due to the indirect coupling effects between species A and C. 

The advantages obtained via the DRG method include, linear 
reduction time, manageable error and least user interaction throughout 
the process [16]. However, it is deemed that the DRG method treats all 
the species as of equal importance, and it may not be applicable for fast 
or low separation processes. Also, the DRG method is unable to recog
nize the inter-relation of species for nonchemical couplings and third 
bodies’ impacts [16]. The reduction setups of DRGEP method are also 
integrated in the DRG method in this stage in terms of error tolerance 
value, target species and maximum allowable induced error. As it is 
shown in Fig. 2, after applying the DRGEP method, the DRG method was 
applied 2, 4, and 3 times on diesel, biodiesel, and gasoline surrogates, 
respectively. The results revealed substantial capability of the DRG 
method in reducing the mechanisms; concisely, 125 species and 571 
reactions for diesel surrogate, 78 species and 897 reactions for biodiesel 
surrogate, and lastly 178 species and 860 reactions for gasoline surro
gate were achieved. In other words, in comparison to the DRGEP out
comes, the DRG method resulted mechanism reduction size of up to 
62%, 44%, and 14% species and 70%, 67%, and 13% reactions for 
diesel, biodiesel, and gasoline surrogates, respectively. At this point, 
further incorporation of the DRG method was not found to affect the 
mechanisms size, henceforth, the FSSA approach was then applied to 
probe any further mechanism reduction possibilities. 

2.2.3. Step 3: FSSA technique 
The rise in the complexity of the integrated mechanisms increases 

the level of difficulty in identifying the relative importance of each 
species present in the mechanism [29]. Hence, given the size of the 
detailed mechanisms utilised in this research, another approach to 
analyse the importance of chemical reactions is necessary. Species 
sensitivity analysis can provide deeper insights into the influential im
pacts of target pathways, which determine the outputs or products of the 
model, versus the change in particular parameters. If the intended re
sults reveal a relatively greater degree of sensitivity to a primitive re
action pathway, then that reaction must be stored. Moreover, the 
predicted species concentrations and global properties have been re
ported to be sensitive to the uncertainties involved in the rate co
efficients of the elementary reactions within the detailed chemical 
kinetic mechanisms [68]. 

Previous investigations authenticated that the size of reduced 
mechanisms produced by other methods such as the DRG approach can 
also be significantly influenced by the uncertainties in the rate co
efficients [68, 69]. This was attributed to the fact that these methods 
eliminate the species via benchmarking the contributions of the pro
duction rates of important species from other species [68, 70]. Hence, 
for the sake of obtaining an optimum reduced mechanism, particularly 
in the uncertainty domain of reaction rate parameters, the species 
sensitivity analysis method is suitable to evaluate the importance of each 
species in the kinetic mechanisms and to simplifying them by 

Fig. 3. A schematic of species relationship in DRG and DRGEP reduc
tion methods. 
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considering the input uncertainties [68]. Thus, in this research, the full 
species sensitivity analysis is used as the last stage, when no further 
reduction could be achieved via the previous two methods. The process 
of the FSSA method is briefly demonstrated below [29]:  

a The removal of individual species from reduced mechanisms that 
have been developed by previous reduction methods. This is fol
lowed by the calculation of the imposed error on the target factor for 
this removal.  

b Classifying the species versus the error they imposed on the system.  
c The removal of the species in ascending order (according to their 

error) and the calculation of the cumulative error they cause. The 
process breaks if the cumulated error increases further than a user- 
defined threshold. 

To be more exact, throughout the species sensitivity analysis, each 
species is given a degree of importance (Rs), and is classified into two 
bracket ranges as follows [63]: 

∈EP < Rs < ∈∗ (4)  

Rs > ∈∗ (5)  

in which ∈∗ is a higher limit (e.g., 0.01–0.2), and those species that fall 
into the category of Eq. (4) are labelled as “limbo species” to be analysed 
separately for removal. Meanwhile, those which fall into the range given 
in Eq. (5) are classified as species to be retained in the reduced mech
anism [63]. Afterwards, the error induced after the removal of each 
limbo species (R A) is evaluated by the sensitivity analysis algorithm, 
using Eq. (6): 

R A =
⃒
⃒R A,ind − R r

⃒
⃒ (6)  

where R A,ind and R r are the error imposed by the removal of limbo 
species A and the error of the current reduced mechanism before 
omitting limbo species A, respectively [63]. In the next step, the sensi
tivity analysis algorithm categorises the species for removal in an 
ascending order using Eq. (6). Next, species removal is initiated and 
continues until the maximum error meets a user-defined limit. There
fore, those species whose elimination influences the reduced mechanism 
the least are the first to be selected for removal. 

The integration of FSSA method as the last stage of the reduction 
process resulted in 122 species and 489 reactions for diesel surrogate, 57 
species and 406 reactions for biodiesel surrogate, and 170 species and 
702 reactions for gasoline surrogate, respectively. In other words, 
compared to the results gained from the DRG method, the FSSA method 
led to acceptable mechanism reductions of up to 2.4%, 27% and 4.5% 
species, and 5.4%, 55% and 18.3% reactions for diesel, biodiesel and 
gasoline surrogates, respectively. 

2.3. Combination of the reduced kinetic mechanisms 

The merging sub-section of the Mechanisms Utilities Tool in 
CHEMKIN-PRO has been utilized to perform the merging process. It 
provides detailed analysis into differentiating the mechanisms details 
whilst allowing informed decisions to be taken during the combining 
procedure. As explained previously, the mechanisms for the fuels are 
separately reduced and then combined to form the merged mechanism. 
However, it is imperative to note that there are several approaches 
available to form the merged mechanism. The CHEMKIN-PRO allows 
merging two mechanisms at a time, and each time one mechanism is 
assumed as the master mechanism (base mechanism), while the other 
one is considered as the donor mechanism (to be merged). Afterwards, 
the software will identify common species and reactions within both the 
master and donor mechanisms. However, the Arrhenius parameters 
associated with these mutual reactions are not necessarily the same 
hence the user has the option to choose which mechanism, master or 

donor, the Arrhenius parameters should be selected from. In this study, 
the Arrhenius parameters for the mutual reactions are selected from the 
master mechanism each time. Since this stage involves limitations, the 
future work recommendations for this stage are thoroughly stated in the 
limitation and future work section. 

According to Fig. 2, the reduced mechanism of gasoline contains a 
higher number of species and reactions. Thus, it is considered as the base 
mechanism to combine with the other reduced mechanisms to form the 
CDBG mechanism [29]. The merging process has been carried out by 
firstly merging the biodiesel mechanism with the gasoline mechanism, 
followed by amalgamating the diesel mechanism with the merged bio
diesel and gasoline mechanisms. Throughout the merging procedure, 
similar to detected mutual reactions, if two chemical species have 
similar chemical formula, then it is imperative to check their thermo
dynamic data (enthalpy, heat capacity and entropy at several tempera
ture values). Provided that the thermodynamic data are analogous 
under different temperature values, then those species are considered 
identical, and the redundancy is removed [29]. 

2.4. Cross-reactions analysis 

There are two dominant types of cross-reactions that distinguish 
them from other cross-reactions and chief components. The first class of 
cross-reactions is defined as the elementary reactions between small free 
radicals, such as the radicals of C1 to C3 and the active molecule of C0, 
which are formed by the oxidation cleavage reaction (as a part of the 
macro-molecule hydrocarbon structures in multi-component fuels) as 
well as between the macro-molecules and the active molecule of C0 
[29]. This type of cross-reactions plays a significant role in the middle 
and late phase of the oxidation process as well as the overall combustion, 
particularly as for the combustion of macro-molecules [71]. The second 
type of cross-reactions is deemed as the exchange of free radicals be
tween the macro-molecules as a result of different macromolecules 
dehydrogenation. According to this definition, the typical 
cross-reactions can be categorised into three reactions as follows [29]: 

R1 + R2H⇔R1H + R2 (7)  

R1OO+ R2H⇔R1OOH + R2 (8)  

R2OO+ R1H⇔R2OOH + R1(6) (9) 

From a theoretical standpoint, the lack of integrating these reactions 
would lead to almost half of the consumption rate not being considered 
[29]. Hence, an accurate combustion process modelling of 
multi-component mixtures requires a thorough consideration of such 
reactions. 

The main species of cross-reactions are the secondary products of the 
fuels. In order to analyse the cross-reactions, the dominant intermediate 
species associated with the oxidation of each individual fuel is deter
mined for the CDBG mechanism. As illustrated in Fig. 4, C7H15–3, 
C7H15–2 and PC4H9 components are the most important intermediate 
species throughout the n-heptane oxidation process owing to their 
relatively higher normalised sensitivities. Moreover, according to Fig. 5, 
RMDX, UME10, RUME10 and RMBX, CH2CO, CH3O, C2H4 are 
considered as the dominant intermediate species in the MD and MB 
oxidation processes, respectively. Lastly, as can be discerned from Fig. 6, 
C6H4CH3, C6H5CH2J, C6H4CH2OJ, YC7H15, YC7H15 and AC8H17 
are the main intermediate spices for the oxidation of toluene and 
isooctane, respectively. In addition, several other species that have 
revealed high normalised sensitivities for each fuel have also been in
tegrated. The selected species and their associated integrated reactions 
are provided in Table 1. 

Henceforth, the reactions between the abovementioned species are 
deemed as important cross-reactions that must be added to the CDBG 
mechanism. It is worthy to point out that although throughout the 
reduction stage it is possible to allow CHEMKIN-PRO to keep important 
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predefined species, some reactions containing those species may be 
omitted. This is mainly because each fuel has been reduced individually, 
so some deleted reactions (due to low sensitivity on the overall com
bustion performance) may play significant roles once merged with other 
fuel mechanisms. 

2.5. Optimisation of the Arrhenius rate constants 

In addition to the cross-reactions analysis, another important tech
nique known as the Arrhenius rate constants optimisation has also been 
used to further improve the prediction capability of the proposed CDBG 
mechanism. This method has been extensively utilised, particularly for 
multi-component kinetic mechanisms [43]. To this end, the reaction 
path analysis has been conducted to identify the important species and 
reactions for the particular operating conditions that the CDBG mech
anism failed to provide more accurate predictions. This analysis was 
performed for each individual CDBG sub-mechanism, and then the 
detected reaction rates were optimised up to an acceptable degree. The 
identified important reactions with their corresponding original and 
adjusted reaction rate coefficients are presented in Table 2. 

3. Results and discussion 

Several validation procedures have been carried out to ensure the 
accuracy of the detailed, reduced and CDBG mechanisms in terms of ID 
timing prediction, flame speed and species mole fractions. Firstly, the 
validations of the reduced mechanisms versus detailed mechanisms and 
experimental data are presented. This is followed by the analysis into the 
effects of the cross-reactions method and the Arrhenius rate constants 
optimisation technique on the CDBG mechanism. Lastly, the validation 
of the CDBG mechanism equipped with cross-reactions and optimised 
Arrhenius rate constants for flame speed and species mole fractions 
predictions is detailed. 

3.1. Validation of the reduced kinetic mechanisms 

The ID timing has been considered for this stage to validate the ac
curacy of the reduced mechanisms for each individual fuel under a 
diverse range of conditions as given in Table 3. The experimental data 
(retrieved from the literature) for diesel and biodiesel fuels were con
ducted under shock tube (ST) conditions while rapid compression ma
chine (RCM) data were used for gasoline fuel. Furthermore, the ID 
timing of both the detailed and reduced mechanisms have been pre
dicted under closed homogenous batch reactor models using CHEMKIN- 

Fig. 4. Normalised combustion sensitivity and reaction path analysis of n-heptane.  

M. Zandie et al.                                                                                                                                                                                                                                 



Transportation Engineering 7 (2022) 100101

8

Fig. 5. Normalised combustion sensitivity and reaction path analysis of MB and MD.  
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Fig. 6. Normalised combustion sensitivity and reaction path analysis of toluene and isooctane.  
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PRO. One limitation faced throughout the modelling process concerns 
the RCM conditions since they involve substantial ID timings and 
consequently large heat loss effects. Hence, bearing in mind the un
certainties involved in the knowledge of the experimental conditions, 
the results presented here have been retrieved using an adiabatic model, 
and so some quantitative discrepancies could be expected under certain 
conditions [72]. Moreover, the CDBG sub-mechanisms were validated 
individually, which meant that the fuel volume fraction was defined as 1 
for each fuel component each time. 

3.1.1. Reduced kinetic mechanism of diesel 
The ID timing of the detailed, reduced and CDBG sub-mechanism for 

n-heptane are given in Fig. 7. As shown, the NTC region has been 

accurately replicated by either the detailed or the reduced mechanisms. 
However, it is worthy to mention that for P = 10 atm and T=<770 K, the 
detailed mechanism underestimates the ID timings with an error of 
approximately 30%. While, as for the rest of the temperature ranges the 
error takes E<10%. Nevertheless, the detailed mechanism’s predicted ID 
timings correspond well with the experimental data for the NTC tem
perature region with associated errors of 5% for low and high pressures 
for the entire applied temperature range. As for the prediction capabil
ities of the reduced and CDBG sub-mechanism, the overall trend of the 
experimental data, particularly as for the NTC region, has been well- 
reproduced. However, their prediction accuracy is compromised for P 
= 10 atm and P = 20 atm. To be more exact, there is a shift to the left for 
the reduced and CDBG sub-mechanism, which makes their ID timing to 

Table 1 
The identified cross-reactions.  

Reactions  A (s-1) B Ea (J/mol) 

NC7H16+C7H15O2-1<=>C7H15-3+C7H15O2H-1  8.064E+12 0.00 1.770E+04  
Rev 1.440E+10 0.00 1.500E+04 

NC7H16+C7H15O2-2<=>C7H15-3+C7H15O2H-2  8.064E+12 0.00 1.770E+04  
Rev 1.440E+10 0.00 1.500E+04 

NC7H16+C7H15O2-3<=>C7H15-3+C7H15O2H-3  8.064E+12 0.00 1.770E+04  
Rev 1.440E+10 0.00 1.500E+04 

NC7H16+C7H15O2-4<=>C7H15-3+C7H15O2H-4  8.064E+12 0.00 1.770E+04  
Rev 1.440E+10 0.00 1.500E+04 

AC8H17O2 + NC7H16 = AC8H17O2H + C7H15-3  8.06E+12 0 17,700 
BC8H17O2 + NC7H16 = BC8H17O2H + C7H15-3  8.06E+12 0 17,700 
CC8H17O2 + NC7H16 = CC8H17O2H + C7H15-3  8.06E+12 0 17,700 
DC8H17O2 + NC7H16 = DC8H17O2H + C7H15-3  8.06E+12 0 17,700 
C7H15 - 3 + C6H12-1 = NC7H16 + C6H111-3  7.000E+10 0.00 8.900E+03 
C7H15 - 3 + C6H12-1 = NC7H16 + C6H111-4  5.000E+10 0.00 1.140E+04 
C7H15 - 3 + C6H12-1 = NC7H16 + C6H111-5  5.000E+10 0.00 1.140E+04 
C7H15 - 3 + C6H12-1 = NC7H16 + C6H111-6  5.000E+10 0.00 1.440E+04 
C7H15 - 3 + C2H5OH = NC7H16 + PC2H4OH  5.000E+10 0.00 1.440E+04 
C7H15 - 3 + C2H5OH = NC7H16 + SC2H4OH  7.000E+10 0.00 8.900E+03 
NC7H16 + C7H15O2-1<=>C7H15-2+C7H15O2H-1  8.064E+12 0.00 1.770E+04 

Rev 1.440E+10 0.00 1.500E+04 
NC7H16 + C7H15O2-2<=>C7H15-2+C7H15O2H-2  8.064E+12 0.00 1.770E+04 

Rev 1.440E+10 0.00 1.500E+04 
NC7H16 + C7H15O2-3<=>C7H15-2+C7H15O2H-3  8.064E+12 0.00 1.770E+04 

Rev 1.440E+10 0.00 1.500E+04 
NC7H16 + C7H15O2-4<=>C7H15-2+C7H15O2H-4  8.064E+12 0.00 1.770E+04 

Rev 1.440E+10 0.00 1.500E+04 
AC8H17O2 + NC7H16 = AC8H17O2H + C7H15-2  8.06E+12 0 17,700 
BC8H17O2 + NC7H16 = AC8H17O2H + C7H15-2  8.06E+12 0 17,700 
CC8H17O2 + NC7H16 = AC8H17O2H + C7H15-2  8.06E+12 0 17,700 
DC8H17O2 + NC7H16 = AC8H17O2H + C7H15-2  8.06E+12 0 17,700 
C7H15-2 + C6H12-1 = NC7H16 + C6H111-3  7.000E+10 0.00 8.900E+03 
C7H15-2 + C6H12-1 = NC7H16 + C6H111-4  5.000E+10 0.00 1.140E+04 
C7H15-2 + C6H12-1 = NC7H16 + C6H111-5  5.000E+10 0.00 1.140E+04 
C7H15-2 + C6H12-1 = NC7H16 + C6H111-6  5.000E+10 0.00 1.440E+04 
C7H15-2 + C2H5OH = NC7H16 + PC2H4OH  5.000E+10 0.00 1.440E+04 
C7H15-2 + C2H5OH = NC7H16 + SC2H4OH  7.000E+10 0.00 8.900E+03 
IC8H18 + NC7H15 = NEOC7H16 +AC8H17  1.500E+11 0.00 1.340E+04 
IC8H18 +YC7H15 = C7H16-24 + AC8H17  1.500E+11 0.00 1.440E+04 
IC8H18 +YC7H15 = C7H16-24 + BC8H17  5.000E+10 0.00 1.140E+04 
IC8H18 +YC7H15 = C7H16-24 + CC8H17  1.000E+11 0.00 8.900E+03 
IC8H18 +YC7H15 = C7H16-24 + DC8H17  1.000E+11 0.00 1.440E+04 
C2H5+MD=>C2H6+RMDX  2.4000e+05 2.000 6700.00 
C3H5-S+MD=>C3H6+RMDX  3.2400e+05 2.000 4500.00 
C3H5-T+MD=>C3H6+RMDX  3.2400e+05 2.000 4500.00 
C3H5-A+MD=>C3H6+RMDX  6.4680e+05 2.000 12,800.00 
CH3O+MD=>CH3OH+RMDX  5.1360e+05 2.000 1500.00 
CH2OH+MD=>CH3OH+RMDX  3.3960e+05 2.000 10,200.00 
CH3O2+MD=>CH3O2H+RMDX  9.1200e+05 2.000 12,600.00 
C2H5O2+MD=>C2H5O2H+RMDX  9.1200e+05 2.000 12,600.00 
NC3H7O2+MD=>C3H7OOH+RMDX  9.1200e+05 2.000 12,600.00 
CH3C6H4+MD=>C7H8+RMDX  4.4400e+08 1.000 2000.00 
C2H5+MB=>C2H6+RMBX  1.2000e+05 2.000 6700.00 
C3H5-S+MB=>C3H6+RMBX  1.6200e+05 2.000 4500.00 
C3H5-T+MB=>C3H6+RMBX  1.6200e+05 2.000 4500.00 
C3H5-A+MB=>C3H6+RMBX  3.2340e+05 2.000 12,800.00 
CH3O+MB=>CH3OH+RMBX  2.5680e+05 2.000 1500.00 
CH2OH+MB=>CH3OH+RMBX  1.6980e+05 2.000 10,200.00 
CH2CHO+MB=>CH3CHO+RMBX  1.3800e+05 2.000 11,500.00  
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carry erroneous values of up to 45%, at P = 10 and P = 20 atm within the 
temperature range of 770–900 K. This shift in the ID timing trend line is 
caused mainly by the elimination of some reactions, and consequently 
their pre-exponential factor, which were important to form analogous 
line pattern [1]. Thus, as a result of omitting those accountable reactions 
the ID values are either overestimated or underestimated for particular 
temperature ranges, which ultimately causes the trend line to shift from 
the base line. Contrarily, by increasing the pressure to P = 40 atm, the 
reduced and CDBG sub-mechanism revealed more accurate ID pre
dictions and the associated shift in trend line tends to fade away. 

3.1.2. Reduced kinetic mechanism of biodiesel 
The results of the detailed, reduced and CDBG sub-mechanism for the 

biodiesel surrogate (MB and MD) have been compared to the experi
mental data in Fig. 8. As shown in Fig. 8-a&b, the detailed MD mecha
nism accurately predicted the NTC region as well as the ID timing’s 
overall trend line compared to the experimental data, however, for 
higher equivalence ratios and temperatures, a slight shift to the left in 
the ID timing trend is detected. The highest error associated with the 
detailed mechanism has been perceived for Φ=1.5 and T=>952 K with 
error of 30%, which in some cases reaches 40% as the worst case. 
Nonetheless, as the fuel per air ratio decreases to stoichiometric condi
tion (Φ=1), the detailed mechanism portrays significantly lower errors, 
as such error of 10–18% has been identified for T = 952–1111 K. 
Furthermore, the reduction in equivalence ratio to fuel-lean conditions 
(Φ=0.5) has improved the ID timing emulation of the detailed 

mechanisms and the downsides of T = 952–1111 K has been altered. 
On the other hand, the reduced MD mechanism has revealed anal

ogous trend pattern compared with experimental data, however, some 
errors are observed. As such, at Φ=1.5 the ID values have been under
estimated for the NTC region with error of 40%, which reaches up to 
over 55% in the vicinity of T = 870 K. Also, it is overestimated sharply at 
temperatures above 930 K with noticeably high error of 55% which 
increases up to 60% as the temperature rises. On the contrary, as for the 
lower Φ values the reduced mechanism tends to reproduce more accu
rate results. However, the ID timing at the vicinity of NTC region is still 
concerned because the errors can get as high as 57% (for Φ=1). Addi
tionally, the best results have been achieved for Φ=0.5 with lowest error 
of 2% at T= around 800 K and the highest error of 29% at T =
1052–1070 K. Moreover, in the case of the CDBG sub-mechanism of MD, 
similar pattern to the reduced mechanism has been found with one 
difference at the vicinity of the NTC region; to be more exact, the ID 
timing in this region has been further compromised that improves by the 
decrease in the Φ value. 

On the other hand, Fig. 8-c&d portrays the ID timing results of MB 
mechanisms. Although the general ID trend for Φ=1 has been accurately 
replicated by the detailed and reduced mechanisms, there is still a huge 
difference between the predicted ID values with experimental data. To 
be more precise, there is a constant error of 42% that is retained 
throughout the whole temperature range with no sign of improvement 
by the increase in pressure to 4 atm. Similar difference in ID timing of 
CDBG sub-mechanism and experimental data has also been found for 
this operating condition. Contrarily, in the case of Φ=0.25 all the 
detailed, reduced, and CDBG sub-mechanism illustrate perfect corre
spondence with experimental data for the entire applied operating 
conditions. In other words, the associated error has been retained at 
<8%, with only an exception in T = 1430 K and P = 4 atm with error of 
16%. 

3.1.3. Reduced kinetic mechanism of gasoline 
Fig. 9 provides the predicated ID timings of the gasoline surrogate 

(toluene & isooctane). Firstly, it must be highlighted that the NTC re
gions in both diagrams has been well-replicated. However, the ID values 
of detailed mechanism is lower than experimental data so as the reduced 
and CDBG sub-mechanisms for Φ=0.3 and T = 715–833 K with fluctu
ating errors of 35–55%. Nonetheless, in the case of Φ=0.5 there is a 

Table 2 
Identified reactions for Arrhenius rate constants’ optimization with their corresponding adjusted Arrhenius rate constants.  

Reactions Original Arrhenius rate constants Adjusted Arrhenius rate constants 
A (s− 1) b Ea (J.mol− 1) A (s− 1) b Ea (J.mol− 1) 

n-heptane 
NC7H16+HO2<=>C7H15–2 + H2O2  1.264E2 3.37 1.372E4 1.05E2 3.37 1.372E4 

Rev* 4.982E-1 3.66E0 2.562E3 4.982E-1 3.66E0 2.562E3 
NC7H16+HO2<=>C7H15–3 + H2O2  1.264E2 3.37 1.372E4 1.05E2 3.37 1.372E4 

Rev 4.982E-1 3.66E0 2.562E3 4.982E-1 3.66E0 2.562E3 
NC7H16+OH<=>C7H15–1 + H2O  2.57E7 1.8 9.54E2 0.11E7 1.8 9.54E2 

Rev 2.952E4 2.33E0 1.818E4 2.952E4 2.33E0 1.818E4 
NC7H16+OH<=>C7H15–2 + H2O  4.9E6 2.0 − 5.96E2 1.5E6 2.0 − 5.96E2 

Rev 3.624E2 2.87E0 1.914E4 3.624E2 2.87E0 1.914E4 
NC7H16+OH<=>C7H15–3 + H2O  4.9E6 2.0 − 5.96E2 1.5E6 2.0 − 5.96E2 

Rev 3.624E2 2.87E0 1.914E4 3.624E2 2.87E0 1.914E4 
NC7H16+OH<=>C7H15–4 + H2O  2.45E6 2.0 − 5.96E2 0.25E6 2.0 − 5.96E2 

Rev 3.61E2 2.87E0 1.914E4 3.61E2 2.87E0 1.914E4 
MB 
MB+OH––H2O+RMBX  2.396E6 2.0 − 2.25983E3 0.752E6 2.0 − 2.25983E3 
MD 
MD+OH––H2O+RMDX  4.793E6 2.0 − 2.25983E3 2.21E6 2.0 − 2.25983E3 
Iso-octane 
IC8H18<=>YC7H15+CH3  1.635E27 − 2.794 8.393E4 1.428E27 − 2.794 8.393E4 

Rev 1.63E13 0.0E0 − 5.96E2 1.63E13 0.0E0 − 5.96E2 
Toluene 
C6H5CH3+OH––C6H5CH2J+H2O  1.77E5 2.394 − 6.018E2 1.45E5 2.394 − 6.018E2 
C6H5CH2J+HO2=C6H5CH2OJ+OH  5.0E12 0.0 0.0E0 4.48E12 0.0 0.0E0  

* Rev stands for reversible reactions. 

Table 3 
The corresponding operating conditions of the experimental data for each fuel.  

CDBG 
component 

Operating conditions  
Pressure Temperature Equivalence ratio 

(Φ c) 
References 

Diesel a 10, 20, 41 
atm 

600–1100 K 1 [35, 40, 
41] 

Biodiesel a 1, 4, 16 atm 600–1700 K 0.25, 0.5, 1, 1.5 [73, 74] 
Gasoline b 50 bar 600–1100 K 0.3, 0.5 [55, 75]  

a Experimental data under ST conditions. 
b Experimental data under RCM conditions. 
c Φ=(actual fuel/air ratio)/(stoichiometric fuel/air ratio). 
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noticeable increase in the emulating abilities of all the mechanisms. As 
such, only high errors have been discerned in the vicinity of T = 800 K, 
whilst, as for other temperature regions the detailed and reduced 
mechanisms presented acceptable ID timings with E=<10%. To be more 

exact, at for Φ=0.5 the detailed and reduced mechanisms have 
marginally higher and lower ID values compared to the experimental 
data, respectively while the CDBG sub-mechanism showed the best 
predicted ID values for the entire given temperature. 

Fig. 7. The comparison of detailed, reduced, and CDBG sub-mechanism of n-heptane with experimental data at (a) 10 atm, (b) 20 atm, and (c) 41 atm [35, 40, 41].  
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3.2. The effects of cross-reactions and Arrhenius rate constant 
optimisation on the ignition delay timing 

To analyse the effects of integrating the cross-reactions and Arrhe
nius rate constants optimisation methods on the ID prediction, the ID 
timings predicted by each analysis are compared with experimental data 
using the relative difference of their ID values as follows: 

Error (%) =
IDnew CDBG − IDExperimental data

IDExperimental data
× 100 (10) 

It must be noted that for simplification purposes, CR has been used as 
a short for cross-reaction and AR is used for Arrhenius rate optimisation 
throughout the plots presented in the next section. So, the results for 
three scenarios of pure CDBG mechanism, CDBG mechanism integrated 
with sole CR, and dual utilisation of CR and AR methods are presented in 
the following parts. 

3.2.1. Diesel surrogate oxidation 
Fig. 10 depicts the results of AR and CR approaches for CDBG sub- 

mechanism of n-heptane. According to the outcomes, the dual integra
tion of CR and AR method revealed generally more accurate results 
compared to CR method in improving the ID timing, particularly for P =
10 atm and 20 atm. To begin with, the CR method has caused a slight 
enhancement for the ID timing at the NTC region compared to pure 
CDBG mechanism. Also, the integration of AR method has brought about 
significantly accurate predictions for T = 750–900 K, as such the asso
ciated error takes maximum 15% and minimum 3.2% for P = 10 atm and 
20 atm. Nonetheless, at P = 41 atm both CR and AR methods deviate 
slightly from the experimental data with maximum errors of 14.654% 

Fig. 8. The comparison of detailed, reduced, and CDBG sub-mechanism with 
experimental data [48, 74] for MD at equivalence ratios of (a) 0.5, (b) 1, and (c) 
1.5 and MB at pressures of (d) 1 atm and (e) 4 atm. 

Fig. 9. The comparison of detailed, reduced, and CDBG sub-mechanism of 
isooctane & toluene with experimental data at equivalence ratios of (a) 0.3 and 
(b) 0.5 [40, 55]. 
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(at T = 900 K) and 15.6% (at T = 750 K), respectively. In addition, it can 
be discerned that for P = 10 atm and T = 1000 K the associated errors in 
both approaches reach higher values up to 69%. Lastly, in the case of P 
= 41 atm, the AR technique presented very accurate ID timings with 
almost 6% for more than 75% of the temperature range, whilst, for T =
800 K the trend was slightly overestimated (14.5%). Contrarily, the 
implementation of the CR method has performed more accurately 
compared to dual CR and AR methods for T = 800 K and T=>950 K. In 
conclusion, the best performance for dual integration of CR and AR 
methods has been ascertained for P = 40 atm (all the temperature 
range), followed by P = 20 atm (T=<1000 K) and P = 10 atm (T=<950 
K). 

3.2.2. Biodiesel surrogate oxidation 
The ID profiles for the applied AR and CR methods on the CDBG sub- 

mechanisms of MD and MB are illustrated in Fig. 11. To begin with, as 
for the MD case, the CR method has revealed noticeable adjustments 
compared to pure CDBG mechanism, particularly for the NTC region and 
Φ=0.5. Also, the dual integration of CR and AR methods has offered 
significantly more accurate results compared to the sole CR method for 
all the operating conditions. Also, there is a noticeable improvement for 

Fig. 10. The associated ID timing errors for CDBG sub-mechanism of n-heptane 
with CR and AR adjustment compared to experimental data at (a) 10 atm, (b) 
20 atm, and (c) 41 atm. 

Fig. 11. The associated ID timing errors for CDBG sub-mechanism with CR and 
AR adjustment compared to experimental data for MD at equivalence ratios of 
(a) 0.5, (b) 1, and (c) 1.5 and MB at (d) P = 1 atm and Φ=1, (e) P = 1 atm and 
Φ=0.25, (f) P = 4 atm and Φ=1, (g) P = 4 atm and Φ=0.25. 

M. Zandie et al.                                                                                                                                                                                                                                 



Transportation Engineering 7 (2022) 100101

15

the MD’s ID predictions for the case of AR and CR dual integration, 
particularly as for Φ=1.5. As such, the associated errors have not 
reached above 11.8% throughout the applied temperature range. 
Furthermore, the addition of AR method for Φ=0.5 and 1 has resulted in 
substantially lower errors in replicating the ID timing; as such, for the 
NTC region the error fluctuates between − 1.5% (negative sign for un
derestimation) and 15%, with just a slight overestimation for T=>1111 
K that caused the error to reach 27% and 16% for Φ=0.5 and 1, 
respectively. Concisely, the dual integration of CR and AR methods 
provides the best predictions of MD’s ID timing for Φ=1.5, followed by 
Φ=1 (T=>750 K) and Φ=0.5 (T=<1050 K). 

Moreover, as for the CDBG sub-mechanism of MB, it can be inferred 
that the ID timing for both P = 1 atm and 4 atm has been improved for 
dual CR and AR methods incorporation at Φ=1. In other words, the 
associated error is as low as − 16% for this operating condition under the 
entire temperature range (at P = 1 atm). Furthermore, the CR method 
integration for Φ=1 has resulted marginal improvements, as such, the 
error still fluctuates between 40% and 55%. Also, the increase in pres
sure from 1 atm to 4 atm leads the CR method to compromise the ac
curacy of the ID timing and slight increase in errors is perceived. 
Similarly, the addition of AR method is found to increase the errors 
slightly for P = 4 atm and Φ=0.25. In summary, the dual integration of 
CR and AR for the ID timing of MB provides accurate results for P = 1, 4 
atm and Φ=1. 

3.2.3. Gasoline surrogate oxidation 
The results of ID timing profile for the CDBG sub-mechanism of 

gasoline surrogates are shown in Fig. 12. First, the integration of CR 
method has slightly improved the ID timing compared to pure CDBG 
mechanism particularly for Φ=0.3. Also, the AR method has provided 
more precise results compared to CR method especially for Φ=0.3. 
Better agreement between the dual CR and AR incorporation with the 
experimental data has been achieved for Φ=0.3 with associated error of 

less than 15% for the entire given temperature range. Conversely, in the 
case of Φ=0.5, the pure CDBG mechanism already agrees well with the 
experimental data, and the applied methodologies have been able to 
improve the ID timing only at T = 750 K. Finally, the dual utilisation of 
CR and AR methods gives accurate ID predictions for Φ=0.3, followed 
by Φ=0.5 (T = 750 K). 

3.3. Validations of flame speed and species mole fractions 

As far as the robustness of kinetic mechanisms is concerned, it is 
imperative to ascertain their replicating abilities in terms of other 
important benchmarks such as flame speed and species mole fractions. 
Henceforth, in the present study it is also attempted to validate the 
proposed CDBG mechanism regarding the abovementioned criteria. It 
must be noted that the results provided in the following sections are just 
for the final CDBG mechanism that has been equipped with the results 
obtained for dual integration of the CR and AR methods. Furthermore, 
due to the lack of adequate experimental data, the detailed mechanisms 
have been used as the main benchmarking target for comparing the 
flame speed of n-heptane and species’ mole fraction of isooctane & 
toluene. 

3.3.1. CDBG sub-mechanism of diesel 
The results of flame speed and species’ mole fraction for CDBG sub- 

mechanism of n-heptane has been given in Fig. 13. From now on, when 
CDBG mechanism is mentioned, pure CDBG is not intended but the 
CDBG mechanism that has been altered with CR and AR techniques 

Fig. 12. The associated ID timing errors for CDBG sub-mechanism with CR and 
AR adjustment compared to experimental data for toluene and isooctane at 
equivalence ratios of (a) 0.3 and (b) 0.5. 

Fig. 13. The flame speed species’ mole fraction of CDBG sub-mechanism of n- 
heptane and corresponding experimental data at P = 10 atm and Φ=1 [35, 
76, 77]. 
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(final proposed mechanism). To begin with, as it is given in Fig. 13-a, the 
flame speed of the detailed mechanism has been well-replicated by the 
CDBG mechanism. As such, the associated errors reach maximum 6% 
throughout the entire given equivalence ratio range. Furthermore, as for 
the species’ mole fractions, the Fig. 13-b&c portrays a precise corre
spondence of the CDBG mechanism with the experimental data; in fact, 
the highest associated error is recognized for CH2O and CO with 
maximum error of 18% (at the vicinity of T = 800 K and 900 K) and 17% 
(at the vicinity of T = 850–1150 K), while, the results for other tem
perature ranges has been in good agreements with experimental data 
with E=<10%. 

3.3.2. CDBG sub-mechanism of biodiesel 
Fig. 14 depicts the flame speed and species’ mole fraction for CDBG 

mechanism of MD and MB. Firstly, in the case of flame speed both CDBG 
sub-mechanisms of MD and MB has performed accurate enough, with a 
slight shift to the right for the case of MB at P = 1 atm and T = 403 K. To 
be more exact, the flame speeds of MD and MB have been well-emulated 
by the CDBG mechanism with error of E=<5% and E=<2%, respec
tively, except for MB case at P = 1 atm, T = 403 K and Φ=>1 with 
maximum 12% of error. Moreover, as it can be perceived from the 
predictions the species’ mole fractions have been precisely imitated with 
associated errors of E=<6% for the entire applied temperature range. 

3.3.3. CDBG sub-mechanism of gasoline 
The results of flame speed and species’ mole fraction for the CDBG 

sub-mechanism of isooctane & toluene have been illustrated in Fig. 15. 
Comparing the predicted flame speeds, it can be noticed that CDBG 
mechanism has adequately mimicked the experimental data with errors 
of E=<8%. In addition, the prediction of species’ mole fraction is also in 
good agreement with the experimental data, as such, the detected error 
has been kept within E=<8%, with an exception for CO, CH2O, and CH4 
which error of E ≈ 20% for T = 1100–1500 K is perceived. 

3.4. Comparison of runtimes for the mechanisms 

As declared before, one of the important ideas that lie behind the 
seek for reducing kinetic mechanisms is to introduce manageable 
mechanisms that can be feasibly incorporated in 3-D simulations. 
Although the detailed mechanisms can provide accurate predictions of 
combustion-related characteristics, yet again, their associated runtime is 
hugely impractical. Thus, it is also attempted to analyse the differences 
between the required runtimes of detailed and reduced mechanisms 
under analogous setups as described in the previous section. The utilised 
computer’s specifications are as follows: CPU E5–2660 v3 @ 2.60 GHz, 
RAM 64 GB, with 10 parallel processors for each run throughout the 
CHEMKIN-PRO simulations. The results of the detailed and reduced 
mechanisms’ runtimes for each fuel surrogate in conjunction with their 
corresponding number of setups are presented in Fig. 16. The integrated 
detailed mechanisms of biodiesel surrogates (MD & MB) revealed an 
average runtime of 36 min, followed by 21 min and 10 min for the 
gasoline and diesel surrogates, respectively. Conversely, the reduced 
mechanisms performed the simulations within a considerably lower 
duration of time for the similar applied setups; as such, averages of 8 
min, 5 min and 3 min for the biodiesel, gasoline and diesel surrogates, 
respectively was required to finish the modelling. In other words, the 
runtime has been reduced by 70%, 78% and 76% for biodiesel, diesel 
and gasoline surrogates, respectively. 

It is also worthy to mention that since gasoline surrogate mechanism 
had relatively higher mechanism size, it was expected to take more 
runtime to perform the tasks. However, the biodiesel surrogate mecha
nism had relatively more setups, as many as double of gasoline case to be 
exact. While this is deemed as the main accountable reason, bearing in 
mind the complexities associated with the detailed mechanisms, it is 
plausible to hypothesis that biodiesel mechanism had more associated 
reactions to go through (for the given setups) to finish the tasks. Last but 

Fig. 14. The flame speed and species’ mole fraction of CDBG sub-mechanism 
(a, b, c): of MD and their corresponding experimental data [74], and (d, e, f): 
MB with their corresponding experimental data [73]. 
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not least, to the best of the authors knowledge, since a high-performance 
computer is utilised (10 parallel processers) the difference between the 
required runtime for detailed and reduced mechanisms were not as 
noticeable as expected; while, this difference is expected to rise upon 

considering more simulations setups. 

Fig. 15. The flame speed and species’ mole fraction of CDBG sub-mechanism of isooctane & toluene and their corresponding experimental data [40, 54].  
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4. Conclusions 

A compact reduced kinetic mechanism is developed to numerically 
characterise the ignition-related characteristics of diesel-biodiesel- 
gasoline mixtures. The DRG, DRGEP and FSSA mechanism reduction 
approaches are applied coupled with the cross-reactions analysis and the 
Arrhenius reaction rate constants optimisation method. The validation 
results revealed that the reduced mechanisms equipped with the cross- 
reactions and Arrhenius parameters optimisation were capable of 
accurately replicating the ID timing compared to the detailed reaction 
mechanism and the experimental data for a wide range of temperatures, 
pressures and equivalence ratios. In addition, the proposed multi- 
component CDBG mechanism best reproduced the measured ID 
timing, flame speed and species mole fraction at T = 600–1700 K for P =
41 atm and Φ=1, P = 1,4 atm and Φ=1, and P = 50 bar and Φ=0.3 with 
the maximum errors within 14.6%, 16.9% and 14.9% margins compared 
to the reference cases of diesel, biodiesel and gasoline, respectively. 

Moreover, the effect of integrating cross-reactions technique is found 
to be more pronounced at low to medium temperatures for all the uti
lised surrogates. Also, the effect of cross-reactions is controlled by both 
the initial pressure and equivalence ratio; as such, the increase in the 
initial pressure and equivalence ratio boosts the influences of cross- 
reactions (except for MD mechanism), particularly for lower tempera
tures. Besides, the dual integration of cross-reaction and Arrhenius rate 
constants optimisation revealed higher improvement for the respective 
range except for the CDBG sub-mechanism of gasoline under high 
temperature and equivalence ratio where a maximum error of 14% was 
discerned. 

Given the overall low reactivity level of the integrated fuels at low 
temperatures, incorporating the cross-reactions contributes to the 
enhanced interactions between the fuel components and promotes the 
formation of intermediate and small active molecules, which ultimately 
accelerates the reactions associated with the active components and 
reduces the ID timing. The same phenomena were discerned for the dual 
integration of cross-reaction and Arrhenius rate constants optimisation 
techniques. Nonetheless, with increased temperatures, the reaction rate 
associated with the elementary components is dramatically increased, 
and the utilisation of the proposed approaches did not noticeably in
crease the intermediate products’ reaction rate. Therefore, the control
ling effects of cross-reaction and Arrhenius rate constants optimisation 
techniques are limited. Lastly, significant reductions in the runtimes of 
up to 70%, 78% and 76% for biodiesel, diesel and gasoline surrogates, 
respectively were attained with the reduced mechanisms. 

5. Limitations and recommendations for future work 

One limitation faced in this research concerns the lack of experi
mental validation data for the combined mechanism of the ternary fuel 
mixture tested. Although the validity of all sub-mechanisms for each 
individual surrogate has been analysed in detail, it is worthy to highlight 
that a more reliable validation can be achieved once the presence of 
other fuels is also taken into account, both experimentally and numer
ically. Further experimental engine tests for the blends of diesel- 
biodiesel-gasoline are recommended to enhance the practical imple
mentation of this newly introduced fuelling strategy. 

The methodology applied in this investigation was to firstly reduce 
the mechanisms followed by merging. However, given the many possi
bilities associated with the reduction and merging stages, numerous 
mixture mechanisms are feasible to be generated. Furthermore, the ac
curacy of the final mechanism is dependant on the change in the ap
proaches taken as discussed earlier. Given the time constraints of the 
project, not all possible combined mechanisms could be tested. As such, 
future investigations can look into reducing two mechanisms at a time 
for two fuels and merging the reduced mechanisms with the detailed 
mechanism of the third fuel, followed by reduction. 

Another recommendation for future work is to consider selecting the 
reaction parameters for the detected mutual reactions of the master and 
donor mechanisms based on their influences on the reacting behaviour 
of the intended mechanism. In other words, it is crucial to choose the 
Arrhenius parameters for the identified commonalities according to 
their sensitivities towards combustion-related characteristics such as ID 
timing, flame speed and species mole fraction. To do so, the importance 
of the common reactions must first be ascertained and decisions for the 
Arrhenius rate constants of identified common reactions made there
after according to their influential effects. 
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