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ABSTRACT: Alkylcyclohexanes with a long alkyl chain account for more
than 30% of diesel fuel but seldom used in the oxidation mechanism of diesel
surrogate fuel due to the lack of a reduced skeletal mechanism. Hence, a four-
component diesel surrogate fuel was developed with n-butylcyclohexane
(NBCH) as the representative of alkylcyclohexanes with a long alkyl chain in
real diesel. The surrogate fuel can reproduce the physicochemical character-
istics of real diesel, especially the distillation range. The reduced mechanism
of NBCH was developed, and the skeletal mechanism of the surrogate fuel
was formulated including 80 species and 251 reactions based on the
decoupling method. The mechanism was validated under a wide range of
conditions with the experimental results of ignition delay time (IDT), laminar
flame speed, and species concentrations of both pure components and diesel.
The accuracy of the mechanism on the spray and ignition performance was
further validated against the experimental data obtained in a constant volume combustion chamber system. The calculated results
showed a satisfactory agreement, in which the maximum error of flame lift-off length is 7.82 mm and that of IDTs is 0.16 ms. It was
proven that the mechanism is suitable to reproduce the physicochemical properties of diesel and further predict the diesel spray and
ignition performance.

1. INTRODUCTION
Due to the high thermal efficiency and good reliability, diesel
engines are widely used as the power source for transportation
vehicles and construction machineries.1−3 However, the
increasingly stringent emission standards have put forward
higher requirements for diesel engines.4

In order to achieve efficient combustion and low emissions,
many research studies on the effects of diesel fuel on combustion
and emissions were carried out.5−8 Lu et al.9 explored the
composition effects on the combustion and emission perform-
ance of two commercial diesels (China Stage-V and Stage-VI)
experimentally. The main composition difference is that Stage-V
diesel has a higher paraffin content and a lower naphthene
content in comparison to Stage-VI diesel. It was found that the
addition of decalin has a significant effect on the first-stage
ignition delay time (IDT) by comparing the diesel surrogates
with different compositions. Cui et al.10 built a prediction model
of IDT based on the back-propagation (BP) neural network. A
three-component surrogate TPRF was used, which is composed
of n-heptane, iso-octane, and toluene. The IDT can be calculated
with input parameters of ambient temperature, ambient
pressure, and molar fractions. Further, with the IDT data of a
real fuel at the specific temperature and pressure, the molar
fraction of each component of TPRF can be acquired to match
the IDT of real fuel. In addition, the application of oxygenated
alternative fuels in diesel engines got more attention.11,12 Liu et
al.13,14 experimentally studied the PAHs and soot formation of

diesel with oxygenated additives. It was found that the formation
of A4 is consistent with soot formation. Among the oxygenated
additives, n-butanol has the best effect on soot reduction,
resulting from that the toluene content is reduced, and only
small hydrocarbons like C2H2 and C3H3 are formed in the
oxidation of n-butanol. Tan et al.15 summarized the amount of
experiments on the effects of high-carbon alcohols (butanol and
pentanol) blending on the combustion and emission perform-
ance of diesel engines. It was found that the low cetane number
of alcohols prolongs the ignition delay, which improves the
premix of fuel and air and increases the premixed combustion
proportion and peak cylinder pressure. Due to the longer IDT
and the oxygen content of alcohols, the soot emission of the fuel
mixture is reduced. Sundar and Saravanan, and Nour et al.16,17

studied the effects of the blending ratio on the emission
performance of diesel/hexanol in engines. The results showed
that the blending ratio can reach 50% with no loss of efficiency,
and the soot emission can be significantly reduced. To deeply
explain the phenomenon on spray combustion, an accurate
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chemical kinetic mechanism of diesel needs to be developed for
CFD simulation studies.18

Diesel is composed of hundreds or even thousands of
hydrocarbon compounds, and the composition is extremely
complex and has a certain uncertainty.19 It is almost impossible
to develop a mechanism with the same composition as that of
real diesel. Therefore, it is an efficient option to select some
surrogates to mimic diesel fuel.20 Diesel is mainly composed of
four categories: n-alkanes, iso-alkanes, aromatics, and cyclo-
paraffins. N-alkanes account for a high proportion of diesel fuel.
In previous studies, some light n-alkanes, especially n-heptane,
have been studied as one-component surrogate fuels due to their
similar cetane number as diesel.21 As the carbon numbers of the
main components of diesel are mainly concentrated in 10−24,
the combustion characteristics of hydrocarbons with a higher
carbon number have gradually become a research hotspot.22,23

Ranzi et al.24 studied the combustion characteristics of heavy n-
alkanes. The results showed that the chemical kinetics of n-
alkanes are similar in a wide range of temperatures and
equivalence ratio. The commonly used one-component
surrogate fuels are n-heptane, n-decane, and n-hexadecane in
recent studies.25,26 With the existing branched chains, the
chemical kinetics of iso-alkanes are completely different from
those of n-alkanes. It was found that with the same carbon
number, iso-alkanes showed a longer IDT and lower laminar
flame propagation velocity than n-alkanes.27 Aromatics are
considered as the main source of particulate matter due to the
high degree of unsaturation. Aromatics did not exhibit the
typical negative temperature coefficient (NTC) behavior in the
experiments on IDT, which indicates that the presence of
aromatics in diesel has a huge impact on the ignition
performance.28 Cycloparaffin, especially, alkylcyclohexane with
a long alkyl chain, is one of the most important component
categories in diesel, whose mass fraction is about 30−40%.29

Moreover, cycloparaffin is also highly related to the polycyclic
aromatic hydrocarbons and the soot formation character-
istics.30,31 Pitz and Mueller32 summarized the development
progress on detailed mechanisms of components of diesel
surrogate fuels. There has been much progress on the
mechanisms of n-alkanes, especially, large n-alkanes like HXN,
which is in the middle of the carbon range. For iso-alkanes, the
work was mainly focused on HMN. The carbon number of
aromatics and cycloalkanes is lower. Especially for cycloalkanes,
there are few studies on cycloalkanes with long branches, and
more work is needed to increase the carbon range.

Numerous mechanisms of multicomponent diesel surrogate
fuels have been developed.33−36 CRECK Modeling has
developed a series of reduced kinetic schemes of fossil and
biomass fuels.37 The recent mechanism of diesel surrogates
includes 201 species and 4240 reactions. The mechanism
predicts IDTs, species concentrations, and laminar flame speed
accurately. However, the mechanism is large, and the
participation of cycloalkanes is still not considered. Lu et
al.19,38 developed a diesel surrogate consisting of HXN/HMN/
AMN and validated it by the CRECK mechanism. Further, a
method for diesel surrogate formulation was built, which
determined the component selection and proportion by fuel
physiochemical properties and real engine performance. Bai et
al.39 also developed a tricomponent mechanism, consisting of
HXN/HMN/AMN. The mechanism consists of 83 species and
234 reactions and reproduced the combustion and emission
performance of diesel engine accurately. Chang et al.40

developed a decoupling method for diesel surrogate formation

and conducted a four-component diesel surrogate fuel including
n-decane, iso-octane, methyl cyclohexane, and methylbenzene.
However, the carbon numbers of components are significantly
less than those of the actual diesel.

In the above studies, there are few diesel surrogate
mechanisms using alkylcyclohexanes with long branches as a
component. In fact, the heavier alkylcyclohexane is more
suitable as an alternative component of diesel than lighter
alkylcyclohexane because its physical and chemical properties
are closer to those of the actual fuel. Among these heavier
alkylcyclohexanes, n-butylcyclohexane (NBCH) has a heavier
molecular weight and reasonable molecular size, which is a good
compromise.41,42 The existing oxidation mechanisms of NBCH
are almost large detailed mechanisms.43,44 Due to the huge
computation cost, it is not efficient to apply the large detailed
mechanisms in engine simulation, especially in large eddy
simulation (LES). The lack of a reduced mechanism has limited
the further application of NBCH as one of the components of
the diesel surrogate fuel in engine simulations. Therefore,
reduced or skeletal mechanisms with fewer species are necessary
to develop for diesel surrogate fuels.

The proportions of components are determined based on the
key physicochemical properties of the diesel. The properties
mainly include H/C ratio, density, molecular weight, cetane
number, and distillation range.45 Among them, the distillation
range is an important parameter to characterize the evaporation
performance of diesel directly. Lu et al.19 pointed out that the
distillation range can reflect the working performance of diesel
engine to a certain extent, especially under low-temperature
conditions. However, the current mechanisms of diesel
surrogate fuels did not pay enough attention to distillation
ranges.

For chemical properties, the mechanisms are mainly validated
by experimental data of IDT, laminar flame speed, and species
concentration in the 0D model. In addition, to further verify the
calculation accuracy of spray and ignition characteristics, the
simulation results of engine performances, like IDT, cylinder
pressure, and engine efficiency, need to be compared with
experimental data. However, under engine working conditions,
the in-cylinder turbulence conditions are complex, and the
development of fuel spray is disturbed. The spray and ignition
characteristics cannot be directly studied. The simulation in the
constant volume combustion chamber (CVCC) model can
effectively validate the evaporation, diffusion, and ignition
performance during the development of diesel spray. However,
few mechanisms of diesel surrogate fuels have been validated in
the CVCC model.

In previous studies, the participation of cycloalkane,
especially, alkylcyclohexanes with long branches, was almost
not taken into account in diesel surrogate formation, although it
is an important part of diesel. In addition, the reduced
mechanism of alkylcyclohexanes with long branches is still a
research blank. For mechanism validation, it mainly focuses on
simulation by an engine model. Under a strong turbulence
environment in the cylinder, there are too many factors that
affect combustion performance, and the validation of chemical
mechanisms is insufficient. In this article, the reduced
mechanism of NBCH was developed, which provides a
theoretical basis for the use of NBCH as a diesel surrogate
component. Further, a four-component diesel surrogate fuel
including 80 species and 251 reactions was developed, with the
composition of HXN, HMN, AMN, and NBCH. First, the
proportion of each component was calculated based on the key
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physical properties of diesel, and the distillation range of
surrogate fuel was compared with the actual diesel and other
models. Then, the skeletal mechanisms of each component were
developed and combined by the decoupling method. Sub-
sequently, the mechanism was validated under a wide range of
conditions with the experimental results of IDT, laminar flame
speed, and species concentration. Finally, the experiments in a
CVCC system were conducted under a wide temperature range,
and a 3D simulation was carried out to verify the accuracy of the
mechanism on the spray and ignition performance. The
calculated results showed satisfactory agreement with the
experimental data. It was proved that the mechanism is suitable
to reproduce the physicochemical properties of diesel and
further predict the diesel spray and ignition performance.

2. SURROGATE FUEL DEVELOPMENT
2.1. Decoupling Method. The decoupling methodology

proposed by Chang et al.40 was adopted to develop the present
mechanism. With the decoupling methodology, the mechanism
consisted of the C4-Cn scheme, the semidetailed C2−C3
mechanism, and the detailed H2/CO/C1 mechanism. The
detailed model for H2/CO/C1 and the semidetailed model for
C2−C3 are then integrated to accurately predict the laminar
flame speed, heat release rate, and species concentrations, which
are dominated by the oxidation kinetics of light hydro-
carbons.46,47 The extremely simplified model for heavy hydro-
carbons from C4 to Cn is constructed artificially. In the present
study, the skeletal mechanisms of the components were
developed, and the detailed procedure is discussed below.

For the development of a reduced mechanism, the rate
constants, especially of the C4-Cn scheme, need to be adjusted.
In the present study, the rate constants are mainly obtained from
the existing detailed mechanisms.44,48−50 Because of the
lumping of the isomers and the removal of reactions, the species
and reactions in the C4-Cn scheme represent a series of species
and reactions in the detailed mechanisms. Further, the rate
constants need to be optimized to match the experimental
results of IDTs, intermediates’ concentration, and laminar flame
speed under various conditions. The rate constants of reactions
with a greater sensitivity coefficient were mainly optimized to
reduce the differences. The final reaction mechanism and
thermodynamic data are listed in the Supporting Information.

With decoupling methodology, the mechanism consists of six
blocks, HXN submechanism, HMN submechanism, AMN
submechanism, NBCH submechanism, semidetailed C2−C3
mechanism, and detailed H2/CO/C1 mechanism. The detailed
H2/CO/C1 model and the semidetailed C2−C3 model are
developed based on the works of Klippenstein et al.51 and Patel
et al.52 Bai et al.39 developed a tricomponent surrogate fuel
mechanism including HXN, HMN, and AMN with the
decoupling method. In this study, based on Bai’s39 mechanism,

the reaction pathways were organized, and the reaction rates
were adjusted to ensure the accuracy. As for the simplified C4-
NBCH model, flux analysis and isomer-lumped methods were
performed on the detailed mechanisms of NBCH sequentially,
and the development of the reduced C4-NBCH scheme is
discussed in the next session in detail.
2.2. Diesel Surrogate Development. To develop a diesel

surrogate fuel, first, it is necessary to calculate the fraction of
each component and reproduce the key physiochemical
characteristics of real diesel, so as to accurately predict the
evaporation and combustion characteristics of diesel. Spray and
evaporation performances are mainly affected by density,
viscosity, surface tension, latent heat of evaporation, and
distillation range, while ignition and combustion performances
are mainly affected by cetane number, adiabatic flame
temperature (mainly determined by H/C ratio), and lower
heating value. In conclusion, eight properties, including cetane
number, density, H/C ratio, latent heat of evaporation, lower
heating value, surface tension, viscosity, and distillation range,
were selected as target properties. A multiproperty regression
algorithm, taking the features of diesel as the target, is used to
optimize the composition ratio to ensure the consistency of the
key properties. The objective function of the optimization
method is defined as the sum of the squared relative differences
of target properties between diesel and the surrogate fuel, as
expressed in eq 153
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where pic and pit are the properties of surrogate diesel and actual
diesel and i is the index of the target properties. With the
calculation, the composition of HXN/HMN/AMN/NBCHwas
confirmed, and the properties of fuels are shown in Table 1.

The distillation curve of the present surrogate fuel was further
compared with that of other four-component surrogate fuels in
recent years and actual diesel. As shown in Figure 1, it can be
seen that compared with other fuels, the present fuel can
reproduce the distillation performance of real diesel much
better, especially for T30. In ref 19, it was pointed out that T30
can reflect the engine performances to a certain extent. T30 can
not only reflect the evaporation performance but also influence
the combustion rate, reflected in the maximum in-cylinder
pressure and the peak heat release rate. Therefore, it can be
concluded that the present surrogate fuel can predict the key
physicochemical properties of diesel.

3. MECHANISM DEVELOPMENT
In this section, the development of a mechanism, especially, the
extraction of the reaction path, is discussed. The main reaction

Table 1. Compositions and Properties of Diesel Surrogate Fuel19,42

properties HXN HMN AMN NBCX surrogate diesel diesel

mass fraction 35.56% 20.17% 23.00% 21.27%
cetane number 100 15.1 0 47.6 51.65 48.9
density (kg/m3) 756 768 986 785 817.49 837
H/C Ratio 2.13 2.13 0.91 2.00 1.76 1.77
heat of vaporization (kJ/kg) 254.05 205.79 326.32 234.59 256.8 250
lower heating value (MJ/kg) 43.95 43.85 39.35 43.42 42.76 42.70
surface tension @20°C (mN/m) 27.45 26.47 40.27 26.52 30.01 26.80
viscosity @20°C (mm2/s) 4.40 0.89 3.47 1.60 2.88 4.22
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pathways of the components and the blocks in mechanism are
shown in Figure 2.
3.1. HXN/XMN/AMN Submechanism. HXN, HMN, and

AMN are commonly used in surrogated diesel, and the skeletal
mechanisms were developed maturely. The reaction pathways
lumped in this study are shown in Figure 2. The reaction flows of
HXN and HMN are similar. The reactions are initiated from
dehydrogenation reactions to form alkyl radicals. For the low-
temperature reaction path, the alkyl radicals are consumed by
oxidation reactions, isomerization reactions, secondary oxida-
tion reactions, and OH-abstraction reactions to form ketohy-
droperoxides. The ketohydroperoxides can decompose into
active micromolecules directly. The high-temperature reactions
include the decomposition reactions of alkyl radicals and the

dehydrogenation reactions of alkyl radicals, followed by
decomposition reactions.

The reaction pathways of AMN are mainly initiated from the
dehydrogenation reactions on both ring side and methyl side,
which form C10H6CH3 and A2CH2, respectively. The O atom
is added into C10H6CH3 to form OC10H6CH3. Then,
OC10H6CH3 is consumed by hydrogenation reactions to
form HOC10H6CH3, following which the decomposition
reactions occur and micromolecules are released. For the
dehydrogenation reactions on the methyl side, A2CH2 is
consumed with O2 and OH to form A2CHO. Then, the
dehydrogenation reactions followed by decomposition reactions
occur to produce A2−. Meanwhile, the demethylation reactions
on AMN can produce naphthalene molecule A2 directly, which
forms A2−. After that, naphthyl radicals are oxidized to A2O−,
following which the decomposition reactions, oxidation
reactions, and dehydrogenation reactions occur successively,
and the micromolecules are released.
3.2. NBCH Submechanism. The existing oxidation

mechanisms of NBCH are almost large detailed mecha-
nisms.56−58 In this study, the reduced C4-NBCH scheme was
developed based on the detailed and skeletal mechanisms
reported by Mao et al.,44,59 which consists of 1802 species, 7246
reactions and 397 species, and 3465 reactions, respectively. Flux
analysis for the stoichiometric NBCH−air mixture under 20 bar
was performed to find the main pathways for NBCH oxidation,
as shown in Figure 3. Eight alkyl radicals can be produced by
NBCH through H atom abstraction reactions. It was found that
the radicals on the alkyl chain (R1 ∼ R4) and on the ring (R5 ∼
R8) follow similar reaction pathways.

For high-temperature paths (red arrows), alkyl radicals
decompose into smaller alkyl radicals and alkenes directly.
The flux analysis was carried out to find the most important
reactions in the high-temperature path, at the equivalence ratio
of 1.0, pressure of 20 bar, and initial temperature of 1200 K. In
Figure 3, the widths of the red arrows denote the values of
production for the corresponding reactions. It can be seen that

Figure 1. Comparison of distillation curves of actual diesel, the present
surrogate fuel, and four-component surrogate fuels developed in recent
years. (Reprinted with permission from refs 35, 54, and 55. Copyright
[2018 Elsevier; 2011 Elsevier; 2017 American Chemical Society].)

Figure 2. Main reaction pathways of the components in the diesel surrogate mechanism.
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decomposition reactions R5 + (M) = CHXDCH2 + C2H5 and
R6 + (M) = CYCHEXENE + C4H9 are the most important
reactions. Therefore, conclusions can be made that at high-
temperature conditions, NBCH is mainly consumed through
the decomposition occurring on the ring sites. It is also
confirmed in ref 44 in which the reactions of CHXDCH2 show
their considerable importance on ignition in the sensitivity
analyses at the temperatures of 800 and 1300K.Hence, the high-
temperature path from C4H9cC6H10 (R-ring) to CHXDCH2
was retained in the NBCH scheme.

As for the low-temperature reaction paths (blue arrows), the
reaction channels are quite similar to each other for both radicals
on the alkyl chain and ring. At first, the peroxy radicals (OOBcy1
∼ OOBcy8) are formed through the first O2 addition reactions
and turn into OOHBcyc (OOHBcy1 ∼ OOHBcy4) and
OOHBcyr (OOHBcy5 ∼ OOHBcy8) by isomerization
reactions. Further, except for OOHBcy5, the hydroperoxyalkyl
radicals are consumed through the second O2 addition and
isomerization reactions to form ketohydroperoxides (OOHOB-
cyc and OHOBcyr) and OH radicals. According to the skeletal
mechanism developed by Mao et al.,59 at an initial temperature
of 650 K, it is observed that more parent fuel is consumed to
alkyl chain radicals by H abstraction reactions at low-
temperature conditions. Similar phenomena can also be found

in recent works by Pitz et al.,43 who concluded that RO2 radicals
are on the alkyl chain particularly isomerizing followed by the
subsequent low-temperature chain branching because of the low
ring strain for six-member rings. However, the sensitivity
analyses in the detailed mechanism give an opposite result
that the reactions in the R-ring low-temperature channel are
more important at a temperature of 650 K.44 Therefore, in the
present mechanism, the low-temperature paths for the radicals
on the alkyl chain and ring sites are both retained. The isomers of
species in the NBCH low-temperature reaction path, including
R/OOBcy/OOHBcy/OOOOHBcy/OOHOBcy, were lumped.
The thermodynamic data of most isomers are similar, with
differences occurring mainly on sites of 1, 5, and 8. Combined
with the flux analysis results, the thermodynamic data of isomers
on the carbon chain were set to be consistent with the data of
isomers on sites 2−4, and the thermodynamic data of isomers on
the ring were set to be consistent with the data of isomers on
sites 6−7.

The final reduced NBCH scheme involving 12 species and 14
reactions for low- and high-temperature chemistry was
established. The above blocks were merged together, and the
mechanism with 80 and 251 species was thereby obtained.

Finally, the kinetic parameters were adjusted based on the
experimental IDT results. In the present study, the rate

Figure 3. High-temperature (red arrow) and low-temperature (blue arrow) reaction paths for NBCH oxidation based on the initial detailed
mechanism.
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constants were first obtained from the existing detailed
mechanisms.44,59 Sensitivity analyses were carried out with
these twomechanisms in refs 40 and 55. The results showed that
the most sensitive reactions are the formation and followed
isomerization of peroxy radicals (OOBcy), as well as their
reverse reactions. Besides, the H-abstraction reactions of NBCH
with OH also play significant roles. The optimal reaction rates
are compared in Figure 4. It can be seen that there is a big gap in
the rate constants of the same reactions in the detailed
mechanisms developed by in refs 44 and 59. The present
mechanism is mainly set consistent with the detailed mechanism
in ref 59. The H-abstract reactions of NBCH with OH were
adjusted. The production reaction rate of C4H8cC6H11 was
slowed down at low temperature, and the adjustment range was
in the middle of the two detailed mechanisms. The production
reaction rate of C4H9cC6H10 was improved in all conditions,

which is about 2 times higher than that of the mechanism in ref
59.
3.3. IDTs of Single Components. The present mechanism

is first validated against the tested IDTs of single components at
various pressures and equivalence ratios ϕ. Simulations are
conducted using constant volume assumption at the same
conditions with the tests, while the temperature range is
extended. The simulated IDT is defined as the time at which the
slope of the temperature profile reaches its maximum value.

As shown in Figure 5, for IDTs of pure HXN, the calculated
results of the present mechanism were compared with those of
other detailed mechanisms50,60 and the experimental data.61

The experimental results are mainly obtained at low temper-
ature, and the calculated results of the detailed mechanisms are
obviously lower than the experimental results. By adjusting the
rate constants of low-temperature reaction pathways, the
present mechanism can achieve better reproduction of

Figure 4. Comparison of reaction rate constants between the present mechanism and the detailed mechanisms. (Reprinted with permission from refs
44 and 59. Copyright [2019 Elsevier; 2019 Elsevier].)

Figure 5.Comparisons of measured IDTs (scatters) and simulated IDTs of the present surrogate fuel (solid lines), Chang et al.40 mechanism (dashed
lines), and LLNL detailed mechanism (dotted lines) of HXN for ϕ = 0.68, 1, and 1.3. (Reprinted with permission from refs 50, 60, and 61. Copyright
[2011 Elsevier; 2013 American Chemical Society; 2017 Elsevier].)
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experimental data under low temperature conditions. Mean-
while, the calculated data are close to those of the detailed
mechanisms under high-temperature conditions. In addition,
the temperature of the NTC region is also consistent with the
experimental data. Under low-pressure conditions, the high-
temperature limit of theNTC region is slightly lower than that of
the detailed mechanisms.

The experiments on IDT of HMN are mainly conducted
under high-temperature conditions.49 As shown in Figure 6,
under various equivalence ratios and pressures, the calculated
results agree well with the experimental data. Especially under ϕ
= 1.5, the present mechanism can accurately predict the NTC
phenomenon of HMN. For AMN in Figure 7, the calculated

data is in good agreement with the experimental results.48,62

There is no NTC phenomenon in the experimental and

calculated results.
Compared with experimental data,59 it can be seen in Figure 8

that the present mechanism reproduces this behavior of IDT of

NBCH depended on the pressure and temperature under

different equivalence ratios. Overall, the present mechanism can

reproduce the measured IDTs of pure components satisfactorily

at a wide range of temperatures, pressures, and equivalence

ratios.

Figure 6. Comparisons of measured (scatters) and simulated (solid lines) IDTs of HMN for ϕ = 0.5, 1, and 1.5. (Reprinted with permission from ref
49. Copyright [2009 Elsevier].)

Figure 7. Comparisons of measured (scatters) and simulated (solid lines) IDTs of AMN for ϕ = 0.5, 1, and 1.5. (Reprinted with permission from refs
48 and 62. Copyright [2010 Elsevier; 2017 American Chemical Society].)

Figure 8.Comparisons of measured (scatters) and simulated (solid lines) IDTs of NBCH for ϕ = 0.5, 1, and 1.5. (Reprinted with permission from ref
59. Copyright [2019 Elsevier].)
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Figure 9. Comparisons of measured (scatters) and simulated (solid lines) IDTs of diesel. (Reprinted with permission from refs 9, 63, and 64.
Copyright [2019 Elsevier; 2014 Elsevier; 2019 Elsevier].)

Figure 10. Comparisons of measured and simulated intermediate concentrations of diesel under (a) 1 atm and ϕ = 0.5; (b) 1 atm and ϕ = 1.5; (c) 10
atm and ϕ = 0.5; and (d) 10 atm and ϕ = 2. (Reprinted with permission from ref 65. Copyright [2007 Elsevier].)
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4. RESULTS AND DISCUSSION
The mechanism was validated with experimental data of single
components and diesel. The simulations were conducted by
CHEMKIN-PRO software. Finally, the 3D simulation of diesel
spray was conducted with CONVERGE software and validated
with experimental results under a wide range of temperature
conditions.
4.1. 0DValidations forDiesel/AirMixture. 4.1.1. Ignition

Delay. The IDTs of real diesel were further validated for the
accuracy of the mechanism. As shown in Figure 9, the calculated
IDTs under equivalence ratios of 0.5 and 1, pressure of 10 and 20
bar, were compared with the experimental results of various
types of real diesel.9,63,64 The calculated results agreed well with
the experimental data, and especially, under an equivalence ratio
of 0.5, the NTC region was reproduced accurately.
4.1.2. Species Concentrations. Figure 10 shows comparisons

between the measurements and simulations for the concen-
trations of intermediates under different pressures and
equivalence ratios. The trend of mole fraction of each
intermediate is well predicted. The calculated O2 mole fraction
is consistent with the experimental data, indicating that the
prediction of the reaction process is accurate. However, in
Figure 10a, the predicted peak of CO appears at 1120 K, while
the experimental data are 1170 K. In addition, for the curves of
other species, there are also shifts of about 50 K in advance. It
shows that under low-pressure conditions, the present
mechanism overpredicts the reaction rate a little. Under this
condition, the rate of production and sensitivity analysis for CO
and CO2 were conducted. As shown in Figure 11, the C0−C1
submechanism has the highest influence on CO2, and the
submechanism of C2−C3 and A2CH3 also have certain effects
on CO2. It indicates that the discrepancies between tests and
modeling are attributable to inaccuracies in the C0−C1

submechanism, and the accuracy of the C2−C3 submechanism
and the A2CH3 submechanism also needs to be further
improved.
4.1.3. Laminar Flame Speed. Figure 12 shows the

comparison between the measurements and simulations for
the laminar flame speed of diesel. It can be found that the present
reduced chemistry predicts the laminar flame speed better at a
high equivalence ratio. The dependence of laminar flame speed
on the fuel-to-air mass ratio is predicted well. The experimental
error is about 5 cm/s,66 and the biggest difference between
experimental data and present simulation results is 7.05 cm/s,
which is a reasonable error within 10%.

Figure 13 shows the sensitivity analysis result of the laminar
flame speed. Similar to species concentration results, the C0−

Figure 11. Rate of production and sensitivity analysis for CO and CO2 under 1 atm and ϕ = 0.5.

Figure 12.Comparison of measured and simulated laminar flame speed
of diesel. (Reprinted with permission from ref 66. Copyright [2013
Elsevier].)
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C1 submechanism also has the highest influence on laminar
flame speed. Hence, for the present lumped mechanism, the
prediction error of laminar flame speed is mainly resulted from
the oversimplified C0−C1 submechanism. The authors have
admitted that their reduced model has some problems in

predicting the laminar flame speed in the revisedmanuscript and
will improve it in the future study.
4.2. 3D Validations for Diesel Spray Autoignition.

4.2.1. Experimental Method. The schematic of the exper-
imental apparatus is shown in Figure 14. The experimental
system mainly includes a CVCC with a bore of 110 mm and a
height of 65 mm, fuel supply system, ignition system, data
acquisition system, and high-speed photography system. The
Phantom V7.1 high-speed camera was set directly above the
chamber. The ambient density in the chamber is set at 15 kg/m3,
and the oxygen concentration is set at 21%. A six-hole injector
with 0.12 mm orifice diameter was mounted at the center of the
bottom of the chamber. The injection pressure was set at 80
MPa by a common rail system, and the fuel temperature was 293
K. In the present study, the liquid penetration length (LPL) and
ignition features are obtained simultaneously, and the
luminosity IDT data was obtained based on picture process-

ing.67−69 According to the results of ref 67, the peak in the total
intensity increment curve by the Schlieren image processing has
a good match with the high-temperature ignition. The
experimental flame lift-off length (LOL) is defined as the axial
distance from the luminous area to the nozzle for the steady
flame. Three times of duplicate tests were conducted under one
condition, and the average IDTs were obtained. A detailed

description of the experimental setup was described in our
previous work.70

4.2.2. Spray Validation. In the present study, the simulation
model was created based on the experimental set. As the
chamber and injector have a symmetric structure, a 1/6 chamber
model with one injector hole was built, as shown in Figure 15.
The grid was generated internally with CONVERGE software.
The base grid was fixed at 1 mm. To obtain the details of the flow
field near the injector, a fixed embedding containing the spray
range was used with a minimum grid of 0.25 mm. The adaptive

mesh refinement with three levels was permanently employed
during the simulation for the velocity field, the temperature field,
and the key species (CH2O and OH) mass fraction field. In the
computational domain, the minimum grid was 0.125 mm, which
is suitable to ensure the accuracy of the calculation of LES
turbulence model.71 The submodel options are listed in Table 2.

The spray performance was validated by LPL in a reacting
model. The simulated LPL is defined as the maximum axial
distance from the nozzle to the farthest position corresponding
to 90% fuel mass. The validation results are shown in Figure 16.
The calculated LPSs remain in the range of experimental data
under different temperatures. The red dots are the measured
LPLs in the repeated tests. It can be seen that the calculated
value is always within the experimental measurement range. It

Figure 13. Sensitivity of the laminar flame speed with a fuel-to-air mass
ratio of 0.655.

Figure 14. Schematic of the experimental apparatus.

Figure 15. Simulation model of the 1/6 model.

Table 2. Submodel Options in CONVERGE

submodel

turbulence model dynamic structure72

spray breakup model Kelvin−Helmholtz73 and Rayleigh−Taylor74

combustion model SAGE75
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rises at the initial stage of injection and then remains at a stable
value.
4.2.3. Comparisons of IDTs and LOLs. The spray ignition is

divided into two processes, including low-temperature ignition
(LTI) and high-temperature ignition (HTI), and CH2O and
OH are defined as the representatives, respectively. The rapid
generation of OH represents the onset of HTI. The simulated
IDT is defined as the time at which theOHmass fraction reaches

2% of the maximum in the domain after a stable flame is
established as the ECN standard. In the present study, an OH
mass fraction of 5 × 10−5 is used as the threshold of HTI.
Correspondingly, the simulated LOL is defined as the axial
distance from the nozzle to the position with an OH mass
fraction of 5 × 10−5 when the flame is stabilized.

The first row of Figure 17 depicts the spatiotemporal
evolution of spray, while the second and third rows show the

Figure 16. Comparisons of LPLs between measured and simulated values at different temperatures.

Figure 17. Spatiotemporal evolution of spray development and ignition process at an ambient temperature of 800 K, with the Y-CH2O and
temperature distribution on the center plane of the pure diesel spray. In the first row, the ϕ = 1, Y-CH2O = 1 × 10−2, and Y−OH= 5 × 10−5 isosurfaces
are represented by gray, dark blue, and red surfaces, respectively.While in the second and third row, the ϕ = 1 isolines are supposed on the Y-CH2O and
temperature distributions to show the spray evolution.

Figure 18. Comparison of measured and simulated LOLs and IDTs in a diesel spray model under different temperatures.
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Y-CH2O and temperature distribution evolutions on the center
plane. In the first row, the ϕ = 1, Y-CH2O = 1 × 10−2, and Y−
OH = 5 × 10−5 isosurfaces are represented by gray, dark blue,
and red surfaces, respectively. While in the second and third row,
the ϕ = 1 isolines are supposed on the Y-CH2O and temperature
distribution to show the spray evolution.

As shown in Figure 17, CH2O is first generated at the radical
periphery of the spray at 1.40 ms, mainly concentrated at the
region ϕ < 1. At the corresponding region in the third row, it can
be seen that the onset of low-temperature reactions (LTRs) is
followed by a little heat release. This observation shows that the
LTRs are first induced at the periphery of the spray, where the
local temperature is high due to higher entrainment of the high-
temperature air. With the LTRs proceeding, the Y-CH2O
increases and penetrates to the inner area of spray head. Also, the
simulation result that LTRs start from the periphery of the spray
and then penetrate to the inner area of spray head is consistent
with the experimental results conducted in refs 76−7778. At
2.54ms, it can be seen that OH is generated at the rich side of the
ϕ = 1 isosurface at downstream of spray. These modeling results
are consistent with the 2D DME mixing layer study of Krisman
et al.79 and the direct numerical simulation of n-dodecane spray
by Dalakoti et al.,80 who showed that the HTRs preferentially
occur in rich mixtures. With high-temperature reactions
(HTRs) proceeding, at 3.00 ms, it is obvious that the HTRs
take place with the rapid consumption of CH2O and high-level
heat release. Generally, the present diesel surrogate fuel is
competent to capture both the low- and high-temperature
autoignition processes in the diesel spray.

The comparisons of LOLs and IDTs with experimental data
under different temperatures are listed in Figure 18. While both
the experimental LOLs and simulated LOLs decrease as the
temperature increases, the model overpredicts the decreasing
trend. The model is more sensitive to temperature, and it is
accurate with the temperature from 900 to 1100 K. For IDTs,
the calculated IDTs have a good agreement with experimental
data in the whole temperature range; except at 1200 K, the
simulated IDT is slightly shorter than the experimental result.
Themaximum error of LOLs is 7.82mm and that of IDTs is 0.16
ms, and the calculated results are basically within the
experimental error band. It indicates that the present mechanism
is suitable to predict the spray and ignition performance of
diesel. It is worth noting that the model can mimic the diesel
features well under low temperature. Under engine cold-start
conditions, the diesel ignition failure and unstable flame
development lead to the difficulty in engine cold starting, and
also the starting process is also accompanied by a large amount
of emissions. The present mechanism is proved to be further
used in the development of diesel engine cold-start model and
the prediction of diesel ignition performance under low
temperature.

5. CONCLUSIONS
In this study, a four-component diesel surrogate fuel was
developed, with the composition of n-hexadecane (HXN),
isocetane (HMN), 1-methylnaphthalene (AMN), and n-
butylcyclohexane (NBCH). The mechanism of surrogate fuel
was validated under various conditions. Generally, the
mechanism shows a satisfactory reproduction of the exper-
imental data. Findings can be drawn as follows:

1) The surrogate fuel can reproduce the physicochemical
characteristics of real diesel. Compared with other

surrogate fuels, the present fuel can reproduce the
distillation performance of real diesel much better.

2) NBCH is selected as a component. The submechanism of
NBCH was developed including 12 species. At high-
temperature conditions, NBCH is mainly consumed
through the high-temperature reaction pathway on the
ring site. At low temperature, the reaction channels in the
ring site and alkyl chain site are both important.

3) The mechanism of diesel surrogate fuel was formulated
including 80 species and 251 reactions based on
decoupling method and validated under a wide range of
conditions with the experimental results of IDT, laminar
flame speed, and species concentration of both pure
components and diesel. The calculated results of IDT
showed a good agreement with experimental data. The
accuracy of C0−C1 submechanism needs to be improved
to predict the speciation and laminar flame speed.

4) A diesel spray ignition test was conducted in a CVCC
system under different temperatures, and the mechanism
was validated with the experimental results. The
calculated results showed a satisfactory agreement with
the experimental data. It was proved that the mechanism
is suitable to reproduce the physicochemical properties of
diesel and further predict the diesel spray and ignition
performance.
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