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� 2 versions of multi-component diesel surrogate models were developed in this study.
� Surrogate models with different CN can be produced through blending of HXN and HMN.
� Inclusion of aromatics and cyclo-alkane components enhances soot predictions.
� MCDS1 serves as a potential surrogate model for diesel fuels with different CN.
� MCDS2 is a potential model for fuels with aromatics and cyclo-paraffinic contents.
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The aim of this study is to develop compact yet comprehensive multi-component diesel surrogate fuel
models for computational fluid dynamics (CFD) spray combustion modelling studies. The fuel constituent
reduced mechanisms including n-hexadecane (HXN), 2,2,4,4,6,8,8-heptamethylnonane (HMN), cyclohex-
ane (CHX) and toluene developed in Part I are applied in this work. They are combined to produce two
different versions of multi-component diesel surrogate models in the form of MCDS1 (HXN + HMN)
and MCDS2 (HXN + HMN + toluene + CHX). The integrated mechanisms are then comprehensively
validated in zero-dimensional chemical kinetic simulations under a wide range of shock tube and jet
stirred reactor conditions. Subsequently, the fidelity of the surrogate models is further evaluated in
two-dimensional CFD spray combustion simulations. Simulation results show that ignition delay (ID)
prediction corresponds well to the change of fuel constituent mass fraction which is calculated to match
the cetane number (CN). In addition, comparisons of the simulation results to the experimental data of #2
diesel fuel (D2) in a constant volume combustion chamber show that IDs and lift-off lengths are
reasonably well replicated by the models. The MCDS2 model is also found to perform better in the soot
formation prediction in D2 fuel combustion as the model contains aromatic and cyclo-alkane compo-
nents which provide an additional pathway to the formation of rich species such as C2H2 and C6H6.
Implementation of MCDS2 predicts an increase of maximum local soot volume fraction by a factor of
2.1 when the ambient temperature increases from 900 K to 1000 K, while the prediction by MCDS1 is
lower at 1.6. This trend qualitatively agrees with the experimental observation. This work demonstrates
that MCDS1 serves as a potential surrogate fuel model for diesel fuels with CN values ranging from 15 to
100. It also shows that MCDS2 is a more appropriate surrogate model for fuels with aromatics and
cyclo-paraffinic contents, particularly when soot calculation is of main interest.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction
In multi-dimensional computational fluid dynamics (CFD)
modelling studies [1–6], n-heptane has been widely utilised as a
single-component diesel surrogate fuel model owing to its cetane
number (CN) of 55, which is comparable to those of the actual
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diesel fuels which range between 40 and 56 [7]. Nonetheless,
actual diesel fuels generally consist of long carbon chain structure
with 10–25 carbon atoms [7]. Fuels with long-chain n-alkanes
exhibit higher reactivity at low temperatures as compared to those
with short carbon chains. This is due to the higher ratio of sec-
ondary to primary hydrogen atoms which then increases the H-
atom abstraction rate during the initiation phase of the oxidation
of alkanes [8]. As a consequence, the combustion of long-chain
hydrocarbons particularly n-hexadecane (HXN) [9] has become
the centre of attention in many current research works [10–13].
HXN is the primary reference fuel and it has a CN of 100. Surrogate
fuel models with different CN values can hence be produced when
HXN is blended with other fuels such as 1-methylnaphthalene
with a CN of 0 and 2,2,4,4,6,8,8-heptamethylnonane (HMN) with
a CN of 15. Therefore, HXN has been identified as a promising com-
ponent for diesel fuel surrogate model in recent works [12–14].
Nonetheless, it is evident that the Hydrogen/Carbon Molar Ratio
(H/C) of HXN is different from that of the actual diesel fuels, on
top of the difference in CN. H/C ratio is a key property in simulation
studies in order to replicate combustion properties such as heat of
reaction, local air/fuel stoichiometric location, flame temperature
and flame speed [15]. It is important to note that similar restriction
is expected to hold for any other single-component diesel surro-
gate fuels [16,17].

Apart from that, the Polycyclic Aromatic Hydrocarbons (PAH)
formation in diesel fuel combustion is not well described by a
single-component diesel surrogate fuel model [7]. In the experi-
ment carried out by Kook and Pickett [18], soot formation of a sur-
rogate fuel comprising 23% m-xylene and 77% n-dodecane (by
volume) was studied and the sooting tendency was subsequently
compared to a conventional jet fuel under diesel-engine like condi-
tions. Their planar laser induced incandescence (PLII) measure-
ment revealed that the soot level produced by the n-dodecane/
m-xylene surrogate fuel is higher than that of the conventional
jet fuel. For the combustion of fuels that do not contain aromatic
compounds, the maximum local soot volume fraction (SVF)
increases by a factor of approximately two when the ambient tem-
perature rises from 900 K to 1000 K. On the other hand, the maxi-
mum SVF increases by a factor of at least five for the combustion of
fuels which consist of aromatic volume of 23–27%. This corre-
sponds with the reported experimental studies [19–22] where
the sooting tendency of a single-component surrogate model is
comparatively less significant than an alkane/aromatic mixture.
Single component diesel surrogate models which do not contain
PAH chemistry in its original fuel composition are hence debatable
since actual diesel fuels contain 20–30% of aromatic compounds
[23].

Recognizing the limitation of single-component diesel surro-
gate fuel models, development of surrogate models with matching
fuel compositions as the actual diesel fuels is necessary. Conse-
quently, multi-component diesel surrogate models with blends of
various fuel components have been proposed [7,24–30]. The
details of the surrogate mechanisms, together with their respective
constitutional components are provided in Table 1. In the earlier
years, the number of components in a surrogate model was limited
owing to the complexity in solving the stiff ordinary differential
equations and the associated high computational cost. Besides,
huge quantity of work was required to develop the database and
mechanistic understanding of the surrogate components for diesel
fuels [7]. Fuel blends which are commonly employed in numerical
simulations of diesel combustion are Integrated Diesel European
Action (IDEA) mechanism [27,28,31], Primary Reference Fuels
(PRF) mechanism [32–35] and Diesel Oil Surrogate (DOS) mecha-
nism [36]. With rapid advancement in chemical kinetics as well
as computing power, surrogate models with greater number of fuel
components are established such as PRF+1 mechanism [24] and
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Toluene Reference Fuel/PAH (TRF-PAH) mechanism [25]. Nonethe-
less, PRF, PRF+1 and TRF-PAH surrogate models are predominantly
developed for homogeneous charge compression ignition (HCCI)
applications. In these chemical models, n-heptane is mainly
employed to represent the n-alkane component. Although the
component mass fraction in these fuel blends can be adjusted to
generate diesel surrogate models with different CN, the maximum
boundary of the CN range is constrained by the CN of n-heptane.
Thus, they are not suitable to be used as surrogate models for fuels
with higher CN such as a paraffinic diesel reference fuel blend [37]
with a CN of 80. More recently, POLIMI_Diesel_201 mechanism has
been developed by Ranzi et al. [38] which consists of toluene,
xylene, methylnaphthalene and n-alkanes up to HXN. The mecha-
nism was well validated in chemical kinetic simulations through
comparison of the ignition delay (ID) predictions with experimen-
tal measurements of a binary diesel surrogate mixture under auto-
ignition condition [39]. On the other hand, Chang et al. [29] have
also formulated a diesel surrogate fuel model comprising toluene,
n-decane, iso-octane and methylcyclohexane. These hydrocarbons
are selected to represent the aromatics, straight-, branched- and
cyclo-alkane components in the actual diesel fuels, respectively.
The integrated mechanism was comprehensively validated against
the experimental data for each fuel constituent and blends, as well
as for practical diesel fuel under wide-ranging operating condi-
tions. However, the performance of these two surrogate models
[29,38] is yet to be tested in multi-dimensional CFD modelling
studies.

Set against this background, this study aims to develop appro-
priate multi-component diesel surrogate models which account
for both diesel fuel ignition and combustion across wider CN range
of actual diesel fuels. The reduced models of surrogate components
for diesel fuels including HXN, HMN, cyclohexane (CHX) and
toluene generated in Part I are applied here. Two combinations
of multi-component diesel surrogate models with different fuel
compositions and components are developed and first validated
in zero-dimensional (0-D) chemical kinetic simulations. The first
model consists of straight- and branched-alkanes while the second
consists of aromatics, straight-, branched- and cyclo-alkanes. The
fidelity of the multi-component models is further appraised
through the comparisons made between measurements of a con-
stant volume combustion chamber and the numerical results of
two-dimensional (2-D) CFD spray combustion simulations. The
study also examines the performance of the surrogate models in
predicting soot formation with and without the inclusion of
aromatics/cyclo-alkane components.
2. Development and validations of multi-component diesel
surrogate fuel models

In this section, a sequential procedure is applied to formulate
the multi-component diesel surrogate models, as illustrated in
Fig. 1. The procedure is similar to the model construction scheme
of Slavinskaya et al. [40]. Here, a ‘reduced-then-combined’ model
construction strategy is employed where the reduced models for
each of the fuel components are first derived from the respective
detailed models and are subsequently combined together to gener-
ate the multi-component diesel surrogate models. As such, the
reduced models for each of the components are constructed and
may be used for other applications. This strategy also limits errors
and complications generated from reducing the combined, detailed
surrogate models with more than 3500 species.

The target applications of this work focus on chemical composi-
tion match as well as mimicking the combustion and soot precur-
sor formation behaviours of real diesel fuels such as #2 diesel fuel
(D2). In this work, the reduced mechanism of HXN is designated as
the base mechanism as it is the most abundant and largest hydro-
carbon among the fuel constituents. Subsequently, the reduced
mechanisms for other surrogate fuel components are added to
the base mechanism to generate two combinations of multi-
component diesel surrogate models:

(a) Multi-Component Diesel Surrogate No. 1 (MCDS1): HXN +
HMN;

(b) Multi-Component Diesel Surrogate No. 2 (MCDS2): HXN +
HMN + toluene + CHX.

The reduced mechanisms of HXN, HMN and CHX generated in
Part I are employed. It is noted that the base chemistries of the fuel
constituents are essentially similar as the reactions mechanisms
are constructed based on the hierarchical nature of hydrocarbon–
oxygen systems [9,41,42] in order to ensure that the results may
not be affected when the based model is replaced by different
models. The approach is similar to the model construction of the
detailed mechanisms of n-heptane and iso-octane by Curran
et al. [43,44].

The CN of MCDS1 is calculated using Eq. (1):

CN of mixture ¼ FHXN þ 0:15FHMN½ � � 100 ð1Þ
FHXN is the mass fraction of HXN and FHMN is the mass fraction of
HMN. The CN and compositions of MCDS1 are determined based
on those of Diesel Primary Reference Fuel (DPRF58) [45]. DPRF58
is a fuel mixture of 42% HXN and 58% HMN by mass, corresponding
to a CN of 50.7. It was found to yield the same ID timings as the D2
fuel experimentally [46,47]. However, Eq. (1) is not applicable for
fuel model which considers other components. The compositions
of MCDS2 are hence determined based on those of the D2 fuel.
The composition of toluene is fixed at 28% which is close to the aro-
matic composition of D2 provided in the study by Kook and Pickett
[48] and it is also approximately the average value of the aromatic
composition of typical North American diesel fuels [7]. Subse-
quently, mass fractions of the remaining fuel components such as
HXN, HMN and CHX are iterated to match the IDs of D2. The prop-
erties [18,48–50] of D2, MCDS1 and MCDS2 as well as size of the
surrogate models are presented in Table 2.

Upon the construction of the multi-component diesel surrogate
models, the relative contribution of each reaction pathway to the
net production rate of each species has altered as compared with
that of the respective single-component model. The reaction path-
ways of each fuel species in the multi-component diesel surrogate
mechanisms are hence reassessed using reaction pathway analysis.
It is observed that there are certain species which can be removed
from the mechanisms owing to their insignificant effect on the pre-
dictions of fuel oxidation process upon integration. One of the
examples of the eliminated species is the alkyl radical of HMN,
namely HMN-R1. It is formed mainly through H-atom abstraction
and alkyl radical decomposition from the fuel species. During the
reduction of the detailed HMN mechanism, two isomers of HMN
are retained during chain-branching process such as HMN-R8
and HMN-R1. However, when HMN is combined with other fuel
components in the MCDS1 and MCDS2 surrogate mechanisms,
influence of HMN-R1 onto the formation of intermediate species
during chain branching process has become less significant. There-
fore, HMN-R1, together with its corresponding reactions and con-
nected species are removed from the mechanism. Here, the
model accuracy in ID and species profile predictions is selected
as the criterion for the elimination procedure. A species is elimi-
nated provided if the normalised temperature A-factor sensitivities
(as defined in Part I) for all its corresponding reactions are lower
than the user-specified threshold value (i.e. 0.05) throughout all
the test conditions. It is important to note that the species for
H2/CO and small hydrocarbon oxidations are not considered in



Table 2
Fuel properties [18,48–50] and chemistry sizes of detailed/reduced chemical mechanism models used in the current work.

Properties D2 MCDS1 MCDS2

Chemical formula (mass fraction) C3–C25 FHXN:FHMN = 0.42:0.58 FHXN:FHMN:Ftoluene:FCHX = 0.42:0.20:0.28:0.10
Type of hydrocarbon 33.8%a/27%b Aromatics,

65.0%a Alkanes, 1.2%a Olefins
Straight- and branched-alkanes Straight-, branched- and cyclo-alkanes, aromatic

CN 46 (40–56) 50.7 –
Molecular weight [g/mol] �200.000 226.446 174.612
H/C Ratio 1.800 2.125 1.838
Lower heating value [MJ/kg] 42.975 43.900c 42.928c

Boiling point [�C] 350 287 287
Flash point [�C] 73.0 111.5c 74.7c

Size of final reduced mechanism (NS; NR) – 128; 408d

88; 284e
169; 545d

129; 411e

F denotes mass fraction.
a Composition of aromatic compounds provided in the study of Pickett and Siebers [37].
b Composition of aromatic compounds provided in the study of Kook and Pickett [48].
c Volume-averaged properties are given for MCDS1 and MCDS2.
d Before elimination of unimportant species and reactions upon integration.
e After elimination of unimportant species and reactions upon integration.

Fig. 1. Sequential steps to formulate the multi-component diesel surrogate fuel models.
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the elimination procedure as these pools of important species are
shared by the fuel constituents in the integrated models. The max-
imum relative error tolerance between the model predictions
before and after elimination procedure is retained to within 5%.
Sizes of the final, reduced multi-component diesel surrogate mod-
els are provided in Table 2.
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Subsequently, mechanism validations in 0-D simulations are
performed using the MCDS1 and MCDS2 diesel surrogate models
for:

(i) ID timing of each diesel fuel component (Fig. A1 in Appendix
A);

(ii) species concentration profiles of each diesel fuel component
under auto-ignition (Fig. A2 in Appendix A) and JSR condi-
tions (Fig. A3 in Appendix A);

(iii) species concentration profiles of each diesel fuel component
in a JSR (Fig. 2); and

(iv) ID timing of DPRF58 [45] and n-dodecane (n-C12H26) [9]
(Fig. 3).

The test conditions applied here are described in Part I. It is
noteworthy that the computational results generated by both
multi-component diesel models are plotted together with those
predicted by each fuel constituent model. The purpose here is to
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Fig. 2. Computed and experimental species mole fractions obtained from the oxidation
(pressure = 10 atm, U = 2, residence time = 1 s), and (c) 0.1% CHX (pressure = 10 atm, U =
demonstrate that the performance in predicting the ID timings
and species concentrations retains after mechanism integration is
carried out.

In Fig. A1, the computed IDs for HXN and HMN oxidations using
MCDS1 and MCDS2 surrogate models are similar as the elementary
reactions for HXN and HMN in these two mechanisms are the
same. Comparison of ID timings and species profiles with those
of CHX detailed mechanism is only performed using MCDS2 as
MCDS1 does not contain elementary reactions for CHX. It is
observed that the predicted ID timings for each surrogate model
agree reasonably well with those of the surrogate components. In
addition, trend of the species concentration profiles for both
auto-ignition and JSR conditions is retained using both the multi-
component surrogate models in comparison with those of each
individual diesel fuel component, as shown in Figs. A2 and A3,
respectively. The results for MCDS1 are comparable with those of
MCDS2 with only about ±5% deviations. Apart from that, the spe-
cies concentration profiles in a JSR for each surrogate component
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of (a) 0.03% HXN (pressure = 1 atm, U = 1.5, residence time = 70 ms), (b) 0.07% HMN
1.5, residence time = 0.5 s) under JSR conditions.
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Fig. 3. Comparisons of the ID predicted by MCDS1 and MCDS2 surrogate models with the detailed mechanisms of (a) DPRF58a [45] and (b) n-dodecaneb [9] for initial pressure
of 40 bar, U of (i) 0.5, (ii) 1 and (iii) 2. [aIDs of DPRF58 were computed by Perini et al. [45] using the detailed mechanism of Westbrook et al. [26] in a constant volume vessel
using identical initial conditions; bThe mechanism of n-dodecane was extracted from the detailed mechanism of Westbrook et al. [9] for combustion of n-alkane
hydrocarbons from n-octane to HXN.]

Table 3
(a) CFD model setups used for reacting diesel fuel spray simulations; (b) Sensitivity test with various CN using MCDS1 surrogate model; (c) Experimental operating conditions.

(a) Numerical setups
Grid Grading; 0.25 mm � 0.25 mm (minimum), 4 mm � 2 mm (maximum) in both radial

and axial directions
Turbulence model Standard k–e (Cl = 0.09; C1 = 1.54; C2 = 1.92; C3 = �0.33; rk = 1; re = 1.3)
Breakup model Reitz Diwakar (Cbag = 6; Cb = 0.785; Cstrip = 0.5; Cs = 12)
Soot model Multi-step [55]
Time step (s) 5.00E�07
Number of parcels 100,000
Initial k (m2/s2) 0.735
Initial e (m2/s3) 3.5

(b) Sensitivity test with various CN
Tests Compositions (FHXN:FHMN) CN
1 1:0 100
2 0.75:0.25 78.75
3 0.50:0.50 57.5
4 0.25:0.75 36.25
5 0:1 15

(c) Experimental operating conditions
Ambient temperature (K) 900/1000
Ambient density (kg/m3) 22.8
Ambient pressure (MPa) 6/6.7
Orifice diameter (mm) 0.09
Ambient composition (%) O2 = 15%; CO2 = 6.23%; H2O = 3.62%; N2 = 75.15%
Injection duration (ms) 7

k and e denote the turbulence kinetic energy and turbulence dissipation rate, respectively.
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are reproduced using the MCDS2 surrogate model. This is demon-
strated in Fig. 2. The deviations in the species concentration predic-
tions between the multi-component surrogate models and the
individual detailed models for each fuel constituents can be attrib-
uted to the influence of kinetic reactions of other fuel components
upon model integration. Despite the apparent difference in the
absolute values, the relative trends of the species profiles com-
puted by the detailed models are reasonably reproduced by the
multi-component surrogate models.

Comparisons of the ID timing predictions between the surro-
gate models and DPRF58 are shown in Fig. 3(a). Agreement is
achieved between the multi-component surrogate and DPRF58
mechanisms in ID predictions throughout the test conditions. Lar-
gest deviation is observed for initial temperature of 850 K andU of
1, which is recorded at 33%. The maximum deviations between the
computations by the detailed and reduced models are successfully
maintained to within an error tolerance of 40%, which is reasonable
for large-scale mechanism reduction [51–54]. Apart from that, it is
found that MCDS2 with compositions of FHXN:FHMN:FC7H8:FCHX set
to 0.42:0.20:0.28:0.10 yields similar ID timing predictions as
DPRF58. In other words, its ignition behaviour is compatible with
that of D2.

Moreover, the multi-component diesel surrogate mechanisms
are further validated in closed homogeneous batch reactor simula-
tions by varying their CN. ID timing predictions are compared in
Fig. 3(b) with respect to the detailed n-dodecane mechanism (CN
of 87). Composition of FHXN:FHMN is set to 0.85:0.15 for MCDS1, cor-
responding to a CN of 87.25. On the other hand, the fuel composi-
tion for MCDS2 is fixed at 0.85:0.15:0:0 for FHXN:FHMN:FC7H8:FCHX. It
is observed that the projected ID timings are well replicated using
both MCDS1 and MCDS2 diesel surrogate models.

Upon the model validations under a series of different test con-
ditions in the 0-D kinetic simulations, the proposed MCDS1 and
MCDS2 surrogate models are coupled with CFD models in the next
section to simulate spray combustion and soot formation under
diesel-engine like conditions.
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3. 2-D spray combustion simulations

In this section, 2-D multi-dimensional CFD simulations are car-
ried out to simulate spray combustion and soot formation pro-
cesses using both the multi-component diesel surrogate fuel
models. The spray combustion solver in OpenFOAM-2.0.x is used
and a multistep soot model is integrated into the solver [55]. The
numerical setups for the reacting diesel fuel sprays are described
in Table 3(a). Description of the mesh configurations can be found
in the former work [13]. In this work, the physical properties of the
aromatic compounds are represented by those of toluene. On the
other hand, the physical properties of the alkanes are represented
by the physical properties of n-tetradecane as its physical proper-
ties are close to those of real diesel fuels. Thus, the influence of fuel
physical properties is isolated and the effect of the chemical kinet-
ics of reaction models can be studied.

Based on the sensitivity study shown in [56], the spatial and
temporal evolutions of fourth aromatic ring PAH, pyrene, are sim-
ilar to those of smaller PAHs or C2H2 when the flame temperature
is relatively high (typically under no or low EGR conditions).
Hence, implementation of C2H2 as soot precursor is usually a good
compromise between results accuracy and simplicity when the
PAH chemistry is absent [4,57–59]. C2H2 is selected as the soot pre-
cursor in the numerical simulations using the MCDS1 surrogate
model as this mechanism does not contain PAH mechanism. On
the other hand, C6H6 is present in the MCDS2 surrogate model
when CHX mechanism is integrated into the multi-component
mechanism during the model development stage. With the pres-
ence of the PAH chemistry in the surrogate model, C6H6 is there-
fore designated as the soot precursor species in the respective
modelling studies. In order to simulate the mass addition on soot
particle surface, C2H2 is consistently used as the soot surface
growth species when MCDS1 and MCDS2 are applied. On the other
hand, OH and O2 are set as the soot oxidant species for the calcu-
lation of soot mass destruction.

In this section, the numerical simulations are separated into
two parts. First and foremost, MCDS1 is applied in a sensitivity test
to examine its reactivity towards variation in CN. Mass fractions of
HXN and HMN as well as the corresponding CN are shown in
Table 3(b). It is then followed by the validation of both MCDS1
and MCDS2 using the measurements of D2 fuel [18,48] from con-
stant volume combustion chamber experiments. Mass fraction of
each component is varied to mimic the actual fuel properties,
which are detailed in Table 2. Operating conditions used for this
validation exercise are demonstrated in Table 3(c). Measurements
are available for reacting spray test cases at 15% O2 mole fraction.
This condition represents a reactive environment of air diluted
with exhaust gas recirculation. The ambient temperature varies
from 900 K to 1000 K while the ambient density is fixed at
22.8 kg/m3. The computed ID, lift-off length (LOL) and SVF are
compared to the experimental data. For the simulation results, ID
is defined as the maximum dT/dt gradient of the temperature pro-
file. On the other hand, LOL is defined as the distance from the
injector to the closest layer where OH mass fraction reaches 2%
of its maximum value in the domain. These definitions correspond
with those recommended by Engine Combustion Network [50].
3.1. Sensitivity test of the MCDS1 surrogate model on CN variations

The effects of variation in CN on LOL and ID predictions are
demonstrated in Fig. 4(a). As the CN increases, it is expected that
the ID becomes shorter. Thus, the ignition occurs at a location clo-
ser to the injection tip and the associated flame lift-off is hence
shorter. The trend is replicated by the model. Based on the results
shown in Fig. 4(a), it is observed that the kinetics of MCDS1 surro-
gate model is sensitive to changes in CN ranging from 15 to 100.
MCDS1 serves as a promising surrogate model for diesel fuels with
various CN.

In the next section, the MCDS1 model is further validated using
the D2 fuel data. Its performance is also compared against that of
the counterpart MCDS2 which considers CHX and toluene
reactions.

3.2. Validation using D2 experimental data

The predicted IDs and LOLs by MCDS1 and MCDS2 surrogate
models for D2 fuel combustion at ambient temperatures of 900 K
and 1000 K are demonstrated in Fig. 4(b). It is observed that the
predictions follow the overall trend where the calculated ID and
LOL decrease with increasing ambient temperature. The maximum
deviations in ID and LOL predictions with respect to the experi-
mental measurements retain within 15.4% and 23%, respectively.
The IDs calculated using MCDS1 agree well with the measurements
in both cases but shorter LOLs are produced. On the other hand, the
predicted IDs and LOLs are slightly longer in both cases when
MCDS2 is applied. This can be attributed to the inclusion of toluene
which is difficult to ignite. As it is considered in the initial compo-
sition of the MCDS2 model, the resulting ID becomes longer. The
flame hence stabilises at a location further downstream from the
injection tip, yielding a longer LOL. It is noted that the deviations
between the experimental and computed LOLs using MCDS2 are
less pronounced, where deviations of 3.5 mm and 2.5 mm are
recorded for ambient temperatures of 900 K and 1000 K, respec-
tively. It is worth mentioning that the deviations between the mea-
sured and computed LOLs can also be attributed to the absence of
turbulence – chemistry interaction (TCI) in the numerical compu-
tations. Inclusion of TCI effects has been shown important to
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improve the prediction of the OH distributions and hence the
development of flame lift-off [60–62].

In addition, the SVF predictions of D2 fuel using MCDS1 and
MCDS2 are demonstrated in Fig. 5(a). The predictions are
compared with the experimental soot clouds [18] obtained at
quasi-steady state (4 ms after start of injection) for ambient tem-
peratures of 900 K and 1000 K. These experimental soot images
are obtained from the PLII measurement which provides two-
dimensional information of SVF distributions for D2 fuel. The red
dashed lines on the images indicate the flame LOLs and only qual-
itative information of soot distribution in the fuel jets is provided
based on the images obtained from the experiment. In Fig. 5(a),
it is observed that the soot length predicted by MCDS2 is similar
to that of the experimental measurements for D2 fuel combustion
at ambient temperatures of 900 K and 1000 K. In contrast, the sim-
ulated soot clouds appear to be larger than the soot clouds
observed in the experiments for both cases when MCDS1 is
employed. In comparison to the predictions of MCDS2, the soot
clouds predicted by MCDS1 are formed at further upstream loca-
tions closer to the injection tip. This can be attributed to the asso-
ciated shorter LOLs. Subsequently, quantitative SVF predictions
along spray axis at quasi-steady state for D2 fuel combustion are
demonstrated in Fig. 5(b). Results in Fig. 5(b) shows that the local
SVF values produced by MCDS1 and MCDS2 are different. MCDS1
estimates maximum local SVF values of 15 ppm and 24 ppm for
the 900 K and 1000 K test cases, respectively. On the other hand,
the maximum local SVF values predicted by MCDS2 for the 900 K
and 1000 K test cases are 5.8 ppm and 12.2 ppm, respectively. It
is observed that the local SVF given by MCDS1 is consistently
higher than that of MCDS2. This can be attributed to several rea-
sons. First of all, the LOLs predicted by MCDS1 are shorter. The
associated amount of air entrained into the fuel rich core region
is lesser. Besides this, MCDS1 utilises C2H2 as soot precursor while
MCDS2 uses C6H6. The mass concentration of C2H2 is commonly
higher than that of PAH, leading to higher level of soot inception
rate and hence soot mass gained. Lastly, as compared to MCDS1,
the amount of branched-alkane (i.e. HMN) used in the initial fuel
composition of the MCDS2 model is lower. As a consequence, the
production rate of C2H2 drops and the soot mass gained through
the soot surface growth process decreases correspondingly, yield-
ing lower SVF values.

The next parameter used to evaluate the performance of the
multi-component surrogate models is the soot formation beha-
viour at different ambient temperatures. The results indicates that
the predicted maximum local SVF increases by a factor of 1.6 as the
ambient temperature is raised from 900 K to 1000 K when MCDS1
is applied. The use of MCDS2 increases the maximum local SVF by a
factor of 2.1. The ratio of increment in maximum SVF from ambient
temperature of 900 K to 1000 K is henceforth represented by
ratioSVF for brevity. Based on the measurement presented by Kook
and Pickett [18], the experimental ratioSVF is more than three for
D2 fuel combustion. The use of MCDS2 is found to improve the
overall simulated ratioSVF. This can be attributed to the inclusion
of aromatic and cyclo-alkane components in the initial fuel compo-
sition in MCDS2. At different ambient temperatures, the produc-
tion of C2H2 is different when the aromatic and cyclo-alkane
components are considered and omitted. This is further elaborated
in the subsequent section.

Numerical analysis of C2H2 and C6H6 formations is performed at
times when temperature rises by 100 K, 200 K, 400 K, 800 K and
1000 K from the initial ambient temperatures. The results are
demonstrated in Fig. 6 and the temperature tolerance for this com-
parison study is ±20 K. Besides these, C2H2 and C6H6 formations at
quasi-steady state are also provided, in which the computed
results are obtained at 4 ms after the time of injection to ensure
that the formation of the selected species in all test cases reaches
a quasi-steady state. The discussions of the C2H2/C6H6 formations
at various temperature increments from the initial ambient tem-
peratures are presented in a sequential order as below for clarity:

(i) Results in Fig. 6(a) show that the amount of C2H2 produced
at the temperature rise of 100 K from the initial ambient
temperatures of 900 K and 1000 K is lower than C6H6 when
both MCDS1 and MCDS2 are applied. C6H6 is mainly pro-
duced through the breakdowns of cyclo-paraffin ring as well
as toluene via (R1)–(R4).
CYCHEXENEþ OH $ CYHX1N3JþH2O ðR1Þ

CYHX13ENEþH $ CYHX1N3J ðR2Þ

CYHX13ENE $ C6H6 þH2 ðR3Þ

C6H5CH3 $ C6H6 þ CH3 ðR4Þ

(ii) At temperature interval of 200 K from the initial ambient

temperatures, it is observed that the maximum values of
C2H2 calculated using MCDS2 are approximately two-fold
and five-fold greater than those predicted by MCDS1 in the
900 K and 1000 K cases, respectively. This is depicted in
Fig. 6(b). The apparent differences in the predicted C2H2

levels can be attributed to the significant amount of C6H6

produced by MCDS2, which subsequently leads to higher
production rate of C2H2 as compared to that of MCDS1.
The key formation pathways to C2H2 from C6H6 are
described by reactions (R5)–(R7).



Fig. 6. Comparisons of C2H2 and C6H6 mass fractions at temperature increments of (a) 100 K, (b) 200 K, (c) 400 K, (d) 800 K and (e) 1000 K from the initial ambient
temperatures as well as at (f) quasi-steady state using MCDS1 and MCDS2 surrogate models. [⁄⁄Note: Mass fractions of C6H6 at DT = 100 K, DT = 200 K and DT = 400 K are
scaled down by a factor of 20, 10 and 5, respectively; [900 K] and [1000 K] denote initial ambient temperatures of 900 K and 1000 K, respectively.]
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C6H6 $ 2C3H3 ðR5Þ

C3H3 þH $ C3H2 þH2 ðR6Þ

C3H2 þ OH $ C2H2 þHCO ðR7Þ

(iii) In Fig. 6(c), it is observed that the peak mass fractions of

C2H2 in the 1000 K cases are consistently higher than those
in the 900 K cases when the initial ambient temperatures
increase by 400 K, disregards the use of MCDS1 and MCDS2.
This is due to the higher production rate of C2H2 from the
dissociation of C6H6 by (R5)–(R7) using MCDS2 as well as
the consumption of C2H4 using both MCDS1 and MCDS2 in
the 1000 K cases. The formation of C2H2 is significantly
dependent on C2H4 and the main formation pathways from
C2H4 to C2H2 are described by reactions (R8)–(R10).
C2H4 þM $ C2H2 þH2 þM ðR8Þ

C2H4 þ OH $ C2H3 þH2O ðR9Þ

C2H3 þM $ C2H2 þHþM ðR10Þ

(iv) At temperature interval of 800 K from the initial ambient

temperatures, the associated mass fractions of C2H2 pre-
dicted by MCDS1 start to grow significantly and the peak
values match with those produced by MCDS2, as demon-
strated in Fig. 6(d). As discussed in the previous section,
MCDS1 contains higher amount of branched-alkane in the
initial fuel composition. As a result, the production rate of
C2H2 becomes higher than that of MCDS2, which eventually
results in the current observation.

(v) Same observation as of Fig. 6(d) persists until approaching
ignition points.

(vi) The associated mass fractions of C2H2 continue to rise and
eventually those predicted by MCDS1 become higher for
both 900 K and 1000 K cases upon reaching a quasi-steady
state, as illustrated in Fig. 6(f). This corresponds well with
the earlier findings in Fig. 5(b), in which SVF predictions
by MCDS2 are lower for both 900 K and 1000 K cases.

The current results suggest that the MCDS1 model is useful for
the soot formation simulations where the effect of aromatic chem-
istry plays a less significant role. For instance, Vishwanathan and
Reitz [63] reasonably captured the variation of SVF with respect
to the change of injection pressure and injector diameter using a
single-component surrogate model, namely n-heptane, showing
that the presence of aromatic compounds has less pronounced
impact on such application. On the other hand, this work demon-
strates that the overall soot formation predictions have been
improved by considering cyclo-alkane and aromatic compounds.
The revised counterpart, MCDS2, is found to predict a higher
ratioSVF when the ambient temperature varies. Yet, the computed
ratioSVF is under-predicted as compared to that of the experiment
measurement where ratioSVF > 3 is recorded. Further improvement
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is necessary on the coupled MCDS2-soot model to simulate the
complex soot formation phenomenon.

The ambient pressure is increased to retain the ambient density
of 22.8 kg/m3 as the ambient temperature varies between 900 K
and 1000 K in the current test cases. However, the conventional
multistep soot model does not capture pressure effects of soot
formation [56]. The current soot model assumes that soot particles
grow primarily by the addition of gaseous C2H2. The use of a
pressure dependent surface growth model constant is expected
to improve ratioSVF. Alternatively, the inclusion of PAH condensa-
tion effects on soot formation under such high pressure, high
temperature environment may aid to improve the prediction as
well. Bisetti et al. [64] who implemented Hybrid Method of
Moments in their Direct Numerical Simulation of soot formation
in the n-heptane/air turbulent non-premixed flame revealed that
PAH condensation is significant to the soot mass generation.

In the present work, NOx submodel was not included in the
multi-component fuel models. However, these models are
expected to produce reasonable predictions for thermal NO emis-
sions when they are integrated with the extended Zeldovich mech-
anism. It is important to note that good predictions of temperature
and OH concentrations are essential for simulating thermal NO for-
mations. In the current numerical simulations, the maximum local
temperatures calculated by the integrated fuel models are between
2300 K and 2400 K, which are consistent with those obtained in
the study of Pickett et al. [65] for 15% ambient O2. Additionally,
results from the 0-D kinetic simulations (Figs. A2 and A3) show
that the OH mole fractions predicted by the integrated models cor-
respond reasonably well with the computations of the detailed
models. Based on these arguments, the surrogate models can be
useful for thermal NO simulations when integrating with the
extended Zeldovich mechanism.
4. Conclusions

In this study, two multi-component diesel surrogate models
namely MCDS1 and MCDS2 with different fuel compositions and
components have been introduced. MCDS1 model consists of
straight- (HXN) and branched- (HMN) alkanes while MCDS2
consists of aromatic hydrocarbon (toluene), straight- (HXN),
branched- (HMN) and cyclo- (CHX) alkanes. Surrogate fuel models
with CN values ranging from 15 to 100 can be produced through
blending of HXN and HMN. In addition, CHX and toluene are incor-
porated into MCDS2 model to achieve compositional match and to
improve soot formation predictions. The integrated models are
comprehensively validated in 0-D chemical kinetic simulations
under a wide range of shock tube and JSR conditions, by comparing
the computations to those predicted by each detailed and reduced
fuel constituent models. It is found that performance of the surro-
gate models in ID and species concentration predictions under
both auto-ignition and JSR conditions is maintained after mecha-
nism integration. Apart from these, the integrated models are also
validated against the JSR experimental results for each diesel fuel
constituents. Overall agreement between the computations and
measurements is achieved with maximum deviations of one order
of magnitude on the absolute values. Following that, the fidelity of
both multi-component diesel surrogate models is further assessed
in the 2-D spray combustion simulations. Numerical results reveal
that MCDS1 is sensitive to the change of CN. The predicted ID and
LOL correspond well with the variation of CN. Next, ID, LOL and SVF
calculated using MCDS1 and MCDS2 are validated against constant
volume combustion chamber experimental data. ID and LOL pre-
dictions given by both surrogate models agree reasonably well
with the D2 measurements. Besides, it is observed that MCDS2 is
able to provide better predictions in soot formation events than
MCDS1 due to the inclusion of aromatic and cyclo-alkane compo-
nents. It is revealed that ratioSVF of 1.6 is obtained for D2 fuel com-
bustion when the ambient temperature increases from 900 K to
1000 K with the absence of aromatic and cyclo-alkane compo-
nents. The simulated ratioSVF increases to 2.1 when both compo-
nents are incorporated into the base mechanism as the inclusion
of these two components provides alternative pathways to form
rich species such as C2H2 and C6H6. In this work, the effects of
including aromatic and cyclo-alkane components in the surrogate
model on soot formation events are highlighted. It is demonstrated
that MCDS2 is a potential surrogate model for D2 fuel. Nonetheless,
additional work is required to improve the coupled MCDS2-soot
model in simulating the complex soot formation phenomenon.
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