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A Multicomponent Blend as
a Diesel Fuel Surrogate for
Compression Ignition Engine
Applications
A mixture of n-dodecane and m-xylene is investigated as a diesel fuel surrogate for com-
pression ignition (CI) engine applications. Compared to neat n-dodecane, this binary
mixture is more representative of diesel fuel because it contains an alkyl-benzene which
represents an important chemical class present in diesel fuels. A detailed multicomponent
mechanism for n-dodecane and m-xylene was developed by combining a previously
developed n-dodecane mechanism with a recently developed mechanism for xylenes. The
xylene mechanism is shown to reproduce experimental ignition data from a rapid com-
pression machine (RCM) and shock tube (ST), speciation data from the jet stirred reactor
and flame speed data. This combined mechanism was validated by comparing predictions
from the model with experimental data for ignition in STs and for reactivity in a flow
reactor. The combined mechanism, consisting of 2885 species and 11,754 reactions, was
reduced to a skeletal mechanism consisting 163 species and 887 reactions for 3D diesel
engine simulations. The mechanism reduction was performed using directed relation
graph (DRG) with expert knowledge (DRG-X) and DRG-aided sensitivity analysis
(DRGASA) at a fixed fuel composition of 77% of n-dodecane and 23% m-xylene by vol-
ume. The sample space for the reduction covered pressure of 1–80 bar, equivalence ratio
of 0.5–2.0, and initial temperature of 700–1600K for ignition. The skeletal mechanism
was compared with the detailed mechanism for ignition and flow reactor predictions.
Finally, the skeletal mechanism was validated against a spray flame dataset under diesel
engine conditions documented on the engine combustion network (ECN) website. These
multidimensional simulations were performed using a representative interactive flame
(RIF) turbulent combustion model. Encouraging results were obtained compared to the
experiments with regard to the predictions of ignition delay and lift-off length at different
ambient temperatures. [DOI: 10.1115/1.4030416]

1 Introduction

Predictive chemical kinetic models for fuels are needed so that
the effect of fuel composition on engine performance can be
assessed. These chemical kinetic models need to be computation-
ally efficient to make engine simulations tractable. However, trans-
portation fuels, such as gasoline and diesel, contain hundreds of
components. Rather than developing a mechanism for all these
components, representative surrogates are usually chosen that con-
sider only a small number of representative components. Even so,
detailed chemical kinetic models for fuel surrogates are often quite
large, consisting of thousands of species and reactions. These large
detailed chemical kinetic mechanisms need to be reduced in size
for use in multidimensional engine simulations. Various reduction
techniques have made this possible, while maintaining high chemi-
cal fidelity [1]. The large extents of reductions enable the inclusion
of more components in a fuel surrogate to better mimic the real fuel
properties in engine simulations. Together with the development in
high-performance computing (HPC) capability, complex chemistry
can now be applied for large-scale practical engine simulations.

Previously, the authors have developed a reduced mechanism
for a single-component diesel surrogate, i.e., neat n-dodecane to be

used in engine simulations [2]. The primary goal of this study is to
develop a reduced mechanism for a two-component surrogate con-
sisting of m-xylene and n-dodecane for multidimensional CI engine
simulations. This blend is considered to be more representative of
diesel fuel than a neat n-dodecane surrogate because it contains an
alkyl-benzene, which represents an important chemical class pres-
ent in diesel fuels. In this study, a detailed mechanism for xylene
was first validated by comparison with fundamental experimental
combustion data. Then the xylene mechanism was combined with
a previously developed mechanism for n-dodecane. This combined
detailed mechanism was first reduced using the state-of-the-art
reduction techniques. The reduced mechanism was then validated
against the detailed mechanism and available experimental data
from a ST and flow reactor. Finally, the mechanism was further
validated using a spray flame dataset relevant to typical diesel
engine conditions, including both nonreacting and reacting condi-
tions with the focus on the study of liquid length, vapor penetration
length, ignition delay, lift-off length, and soot.

The paper is organized in the following way. The methodology
for assembling and validating the detailed reaction mechanism is
presented first, followed by the mechanism reduction procedure.
The reduced mechanism is then validated against 3D spray com-
bustion data available in the literature. The sooting propensity for
these mixtures was also assessed. Some conclusions were derived
at the end.

2 The Kinetic Mechanism

A kinetic mechanism describing the oxidation of n-dodecane/
m-xylene mixture was assembled based on recently published ki-
netic mechanisms developed by the Lawrence Livermore National

1Corresponding author.

Contributed by the Combustion and Fuels Committee of ASME for publication in

the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received

February 27, 2015; final manuscript received March 3, 2015; published online May

12, 2015. Editor: David Wisler.

The United States Government retains, and by accepting the article for publication,

the publisher acknowledges that the United States Government retains, a nonexclusive,

paid-up, irrevocable, worldwide license to publish or reproduce the published form of

this work, or allow others to do so, for United States government purposes.

Journal of Engineering for Gas Turbines and Power NOVEMBER 2015, Vol. 137 / 111502-1
CopyrightVC 2015 by ASME

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/g

a
s
tu

rb
in

e
s
p
o
w

e
r/a

rtic
le

-p
d
f/1

3
7
/1

1
/1

1
1
5
0
2
/6

3
9
5
6
7
3
/g

tp
_
1
3
7
_
1
1
_

1
1

1
5

0
2

.p
d
f b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

https://crossmark.crossref.org/dialog/?doi=10.1115/1.4030416&domain=pdf&date_stamp=2015-05-12


Laboratory. The detailed multicomponent mechanism for
n-dodecane and m-xylene was developed by combining the
previously developed n-dodecane mechanism [3] with a recently
developed mechanism detailing the combustion of the xylene
isomers [4].

The two parent mechanisms were individually validated against
an extensive set of experimental data for both fuels, including
ignition delay time, speciation, and laminar flame speed data.
While the comparisons pertaining to the validation of the n-alkane
mechanism can be easily accessed in the literature [3,5], the
description of the xylene mechanism [4] and its validation are not
readily available to the readers; therefore, a short description of
the main features of the mechanism together with validation
comparisons is reported here.

The general structure of the mechanisms obeys to the hierarchi-
cal criteria: fuel specific modules are built on top of the core
chemistry constituted by the reaction mechanism of C1–C4 spe-
cies. Large molecule mechanisms include the reaction pathways
of all the lighter components formed during the decomposition
and oxidation of the fuel molecule: chemical model for benzene
and toluene oxidation represents a submodel of all the heavier
alkyl aromatics. The toluene mechanism included in the LLNL
gasoline surrogate mechanism and the core chemistry associated
with it [6] constitutes the submodels of choice for the lighter aro-
matics and has been used to derive the reaction rates applied to
the xylene isomers. The reaction rate constants adopted for
toluene, which were obtained from previous works, including
experimental and modeling studies [7–10], have been generalized
for xylenes to account for the different numbers and positions of
methyl groups present in the fuel molecule.

In the case of xylenes, however, the presence of multiple side-
chains induces additional reaction pathways affecting the reactiv-
ity of the fuels. ST and RCM experiments highlighted that the
reactivities of para- and meta-xylene are quite similar, while
ortho-xylene ignites significantly faster than the other two isomers
[11]. This characteristic behavior derives from the proximity of
the two alkyl chains that allows for hydrogen transfers between
the two methyl groups and some limited low temperature reac-
tions [12]. Few mechanisms accounting for these low temperature
pathways are available in literature [12].

The existence of oxidation pathways specific to ortho-xylene
necessitates the development of a dedicated submechanism for
this isomer. The present version of our mechanisms includes the
low temperature chemistry specific to ortho-xylene, and all the
chemical species deriving from its benzyl radicals are treated in a
detailed way. Figure 1 summarizes the low temperature pathways
for ortho-xylene in the mechanisms discussed in this paper.

Ortho-xylene radicals can undergo oxygen addition and,
because of the weak benzyl C–H bond, quickly isomerize to
hydroperoxymethyl-benzyl radicals. The aromatic resonance
allows the migration of the radical site to the carbon adjacent to
the COOH group (Fig. 1) allowing for HO2 elimination and the
formation of C8H8. This pathway becomes dominant when the
temperature exceeds 800K. The formation of cyclic ethers is also
possible and competes with the second O2 addition. A second H
transfer finally leads to the formation of the ketohydroperoxides.
It should be noted that, even though the isomerization steps are
favored by the weak C–H bond, the resonance inhibits the O2

addition steps resulting in a low activation energy for the decom-
position of the R–O2 radical (21 kcal), limiting the effectiveness
of the degenerate branching path described herein.

These reaction pathways are not possible for para- and
meta-xylene, since the two methyl groups are far apart. In this pre-
liminary version of the mechanism, these two isomers were not
differentiated since the chemistry of their consumption follows
very similar steps. It was assumed that the same mechanism can
predict all the major combustion features reasonably well. More-
over, since the high temperature processes involving the attack on
the ring are scarcely selective on the H atoms on the ring, the dif-
ferent methyl-phenyl radicals were not differentiated either for the

three isomers: once a methyl-phenyl radical is formed, the same
sequence of reactions described in the mechanism for toluene
follows.

The xylenes mechanism has been validated for a wide range of
experimental data for ignition from low and high temperature, a
jet stirred reactor, and spherically propagating flames.

The first set of comparisons involves the ignition behaviors of
these fuels in ST and RCM experiments. Shen and Oehlschlaeger
[11] measured the ignition delay times of different C8H10

aromatics/air mixtures in a ST at moderate temperatures
(950–1400K) and high pressures (10–40 atm) (Fig. 2).

Ignition data for ethylbenzene are also shown as a reference.
The model correctly reproduces this behavior showing a satisfac-
tory agreement with the experimental data. Compared to the other
xylenes, the higher reactivity of the ortho-isomer is more evident
at lower temperature, where the O2 addition and HO2 elimination

Fig. 1 Low temperature oxidation of ortho-xylene

Fig. 2 Validation of the mechanism of C8 aromatics against ST
experiments [5] (10 atm in stoichiometric fuel–air mixtures)
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are still active. In order to validate the low temperature subme-
chanism specific to ortho-xylene, Fig. 3 compares calculated
results with a set of RCM data collected by Roubaud et al. [12] at
conditions similar to the ones considered by Shen (14–19 atm),
except that the O2 molar percentage in the synthetic air has been
altered from 21% to 27% to enhance the low temperature reactiv-
ity of the fuel.

The calculations predict a slight negative temperature coeffi-
cient behavior similar to that seen in the experiments. The model
provides a good agreement with the data with the exception of the
lowest temperatures, where the calculations underpredict the igni-
tion delay times. It should be mentioned, however, that in the sim-
ulations the heat loss model was not calibrated using unreactive
pressure traces as is usually done for RCM simulations [13], since
the pressure traces were not available. A heat loss model based on
the volume history profile in Ref. [6] from a similar set of data
obtained in the same device was used here to account for the heat
loss effect in the RCM data. This approach provides a qualita-
tively correct description of the ignition experiments, but does not
allow a precise quantification of heat transfer contribution, which
can be important at long ignition delay times. The overall agree-
ment supports the general validity of the mechanism.

The first two sets of comparisons confirmed the ability of the
mechanism in predicting ignition behavior of these C8 alkyl-
aromatics. Another test which specifically validates the reaction
pathways in the model comes from speciation data. Mechanism
predictions have been compared with jet stirred reactor data pub-
lished by Gail and Dagaut [14], who tested the oxidation of the
para-xylene between 900K and 1400K, 1 atm and different equiv-
alence ratios.

Figure 4 shows the comparison at / ¼ 1. The model reproduces
well the measured species profiles not only in terms of the final
products but also for some important intermediates (benzalde-
hyde, benzene, and toluene). Not surprisingly, toluene and ben-
zene are two major products, since the oxidation of the side chains
is the dominant process at the early stage of combustion. The cor-
rect prediction of small hydrocarbons supports the general validity
of the submodel relative to the oxidation of the ring.

An additional comparison involves flame speeds of three differ-
ent aromatic species: toluene, meta-xylene, and ethylbenzene
(Fig. 5). Johnston and Farrell [15] measured laminar flame speeds
for toluene, ethylbenzene, and xylene at elevated temperature and
pressure (450K, 3 atm). The flame speed was determined using
high speed Schlieren visualization, used to monitor the flame
growth following the ignition. The data are corrected for flame
stretch to determine the unstretched laminar burning velocities.
The model provides satisfactory predictions, reproducing
correctly the trends highlighted by the experiments.

The final mechanism obtained combining the n-alkanes and
xylenes models consists of 2885-species and 11,754 reactions.

Due to the primary importance of ignition delay, time predictions
in the context of this study, some ST comparisons are shown in
Fig. 6.

The ST data obtained by Shen and Oehlschlaeger [11] at 10 and
40 bar and / ¼ 0:5 and 1.0 are accompanied by the ignition delay
times of n-dodecane measured at about 20 bar and the same equiv-
alence ratios by Vasu et al. [16]. Since the xylene data were origi-
nally collected at 10 and 40 bar, in order to allow a direct
comparison between the two fuel components the ignition delay
times were normalized to 20 bar using a sign� 1/P scaling. The
model reproduces the ignition delay times of the two fuel compo-
nents with reasonable accuracy.

Unfortunately, very limited datasets are available to validate the
mechanism for the mixture investigated in this study, particularly
for the low temperature conditions. In a previous work by Natelson
et al. [17], an n-dodecane/m-xylene mixture analogous to the one
considered in this study (77/23 vol. %) was tested in the Drexel
University pressurized flow reactor at lean conditions (/ ¼ 0:23).

The initial fuel concentration in that study was only 460 ppm.
Figure 7 compares the CO profile measured by Natelson against
the mechanism predictions. Again, the model fairly characterizes
the partial oxidation in the low temperature region reproducing
with good accuracy the magnitude of the CO peak. The predicted
peak location is shifted lower with respect to the measured loca-
tions by about 40K. This discrepancy is likely related to a slight
overestimation of n-dodecane reactivity at lean conditions in the
low temperature region, consistent with the ignition delay time
comparison shown in Fig. 6.

3 Mechanism Reduction

In order to reduce this mechanism, two rounds of DRG-X [18]
and DRGASA together with one round of isomer lumping were
performed. These reduction methods have been applied to a vari-
ety of applications to obtain reduced mechanisms and satisfactory
results were achieved [19–22]. The current reduction was based
on sampling simulations of ignition delay using SENKIN [23] and
extinction temperature profiles using a perfectly stirred reactor
(PSR), for a mixture (denoted as SR23) of 77% of n-dodecane
(nC12H26) and 23% m-xylene (M-XYL), at pressure of 1–80 bar,
equivalence ratio of 0.5–2.0, and initial temperature of
700–1600K for SENKIN and inlet temperature of 300K for PSR.
The detailed mechanism was used as a benchmark in the sampling
simulations and sampling simulations using the reduced mecha-
nisms were compared to this benchmark to aid in the reduction.

The reduction flow diagram is shown in Fig. 8. Details of the
reduction strategies and the error tolerances used could be found
in Refs. [18] and [19]; thus, were only briefly described here.
DRG-X was adopted instead of DRG due to its ability for species-
specific error control, which allows the specifications of different
error tolerances for different species and heat release rate. This led
to the derivation of smaller skeletal mechanisms, while maintain-
ing similar chemical fidelity. In the first round of reduction with
DRG-X, the error tolerance for heat release and H radical were
chosen to be 0.1 and 0.3, respectively. The error tolerance for the
other species used the default value 0.5. This procedure reduced
the detailed mechanism to a skeletal mechanism with 449 species
and 2098 reactions. After this, DRGASA was applied to obtain a
mechanism with 227 species and 1063 reactions. This mainly
eliminated the species that did not significantly affect the global
target parameters, including ignition delays and extinction temper-
ature profiles in PSR. Then, isomer lumping was performed to fur-
ther reduce the mechanism to 202 species. Thirteen pairs of
isomers were grouped into lumped species designated in Table 1.
Finally, the methods of DRG-X and DRGASA were applied for
the second round to further reduce its size, and finally a skeletal
mechanism with 163 species and 887 reactions was obtained.

Figure 9 shows a comparison between the predicted ignition
delay times for a broad range of conditions (P¼ 1, 5, 10, 20, 40,

Fig. 3 Ortho-xylene autoignition in a RCM at 14–19atm, / ¼ 1,
[O2]/[inert]5 0.37. Symbols: data [12], line: calculations.
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and 80 bar) relevant to engines, obtained using the detailed kinetic
mechanism and the reduced one. The close match between the
detailed and reduced mechanisms supports the use of the reduced
mechanism for engine simulations.

4 Comparison Against 3D Spray Combustion Dataset

The spray flame dataset [24,25] is obtained from the ECN [26],
which is a platform for model development and validation at
engine relevant conditions [27–47]. The 3D calculations were per-
formed in a commercially available CFD code named CONVERGE

[48]. The computational domain is a constant-volume, cubic com-
bustion chamber with dimensions of 108mm. Some boundary
conditions are listed in Table 2. The details of the computational
models can be found in a previous study [44], and hence will only

be briefly discussed here. The traditional Lagrangian discrete
phase model along with the blob injection method [49] was used
to treat the liquid spray. The liquid mixture properties for n-
dodecane and m-xylene were obtained from National Institute of
Standards and Technology (NIST) [50]. The droplet secondary
breakup and collision processes were modeled using
Kelvin–Helmholtz and Rayleigh–Taylor model [51,52] and no
time counter algorithm [53], respectively. The droplet evaporation
was accounted for by using Frossling correlation [54]. Dynamic
drag model [55] was used to model the droplet drag. The renorm-
alization group k-E turbulence model [56] was used to simulate
the turbulence. A Hiroyasu-based soot model [57] was used,
which assumes that the mass production of soot within a computa-
tional cell was determined from a single-step competition between

Fig. 4 Oxidation of para-xylene in a jet stirred reactor at 1 atm, / ¼ 1, 1000 PPM fuel, and
0.1 s residence time. Symbols: data [13], lines: calculations.

Fig. 5 Flame speeds of toluene, meta-xylene and ethyl ben-
zene at 350K and 3atm. Symbols: data [14], lines: calculations.

Fig. 6 Predicted (lines) and experimental [11,15] ignition delay
times of the two surrogate fuel components at 20bar. m-Xylene
data [11] are normalized to 20bar assuming a sign21/P scaling.
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formation and oxidation rates. The soot formation rate depends on
the formation of C2H2 species, which is a precursor for soot pro-
duction. Soot oxidation is modeled using Nagle and Strickland-
Constable correlations [58] assuming the soot particles to be
spherical and uniform in size.

The RIF [59] combustion model, which considers
turbulence–chemistry interactions by assuming a presumed beta
PDF for scalars, was coupled to a 3D unsteady Reynolds-
averaged Navier–Stokes solver. The authors recently implemented
and tested the RIF implementation for n-dodecane fuel under
ECN conditions [44], and this work is intended to extend the RIF
implementation approach to multicomponent fuels. Simulations
were performed at a HPC cluster at Argonne National Laboratory
following the best practices as in a previous study [44].

The skeletal multicomponent mechanism developed was vali-
dated by comparing against the available experimental results for
both single (n-dodecane) and multicomponent (n-dodecane and
m-xylene) fuels under diesel engine conditions. All the simulation
results are based on this skeletal multicomponent mechanism and
the calculations for neat n-dodecane were performed by simply
setting the percentage of m-xylene to zero in the simulations.

The nonreacting case was first studied with the focus on the liq-
uid and vapor penetration lengths. Figure 10 presents the compari-
son of experimental and computed liquid length at 900 and
1000K ambient temperature conditions. The liquid length in the
simulations is defined as the distance from the nozzle tip to the
furthest axial location of 99% liquid fuel mass surface contour.
One can see that the computed liquid lengths are in good agree-
ment with the experiments, although slightly under-prediction at
early times is found for the 900K ambient condition. The vapor
penetration length, defined as the distance from the nozzle to the
axial boundary of 3% fuel vapor mass fraction near the head of
the vapor plume in the simulations, is reported in Fig. 11 at 900 K
condition. Excellent prediction is observed compared to the
measurement.

After the nonreacting baseline condition was validated, the
reacting cases were studied focusing on ignition delay, lift-off
length, and soot predictions for both neat n-dodecane and the
SR23 mixture. The comparison of ignition delay for SR23 and n-
dodecane from both experiments and computations is reported in
Fig. 12(a) at different ambient temperatures. In the simulation,
ignition delay was defined as the duration from the start of injec-
tion to the time of maximum rate of peak temperature rise. It can
be seen that very good predictions were obtained for both SR23
and n-dodecane compared to the available experimental results at
different ambient temperatures. From the experimental data, it is
noted that addition of m-xylene slows down the reactivity and
delays ignition, being consistent with the fact that SR23 has a

lower cetane number of 70 [24] compared to n-dodecane of 87
[25]. The simulations captured this trend very well at all the ambi-
ent temperatures demonstrating its ability to capture the slower
reactivity trends for the mixtures. The longer ignition delay of the
SR23 mixture compared to that of neat n-dodecane allows more
time for fuel–air mixing before the start of combustion. Also, the
reduced mechanism can quantitatively capture the ignition delay
values for both SR23 and pure n-dodecane. However, the sensitiv-
ity of ignition delay to fuel composition going from neat n-
dodecane to the binary mixture is slightly under-predicted as
shown in Fig. 12(a).

Figure 12(b) presents the predicted lift-off lengths for SR23
and n-dodecane compared to experimental results at different am-
bient temperatures. Figure 13 presents the corresponding contours
plots at 1.5ms for 900K and 1000K ambient conditions for the
SR23 mixture. The white line denotes the flame lift-off length
location and the ignition delay values are also reported. The
experimental definition of lift-off length used the distance from
nozzle tip to the location of 50% of OH* leveling off value aver-
aged over the quasi steady-state [26]. In the present simulation,
the lift-off length was defined based on OH mass fraction due to
the absence of species OH* in the kinetic model, and was defined
as the distance from the nozzle exit to the point, where the OH
mass fraction reaches 14% of its maximum during the quasi
steady-state portion of the simulation. This definition is based on
the recommendations from the ECN-2 workshop [60]. The choice
of 14% threshold is more consistent with the experimental defini-
tion based on the 0D [61] and 2D [33] studies comparing OH and
OH*. From Fig. 12(b), it can be seen that the lift-off lengths of
neat n-dodecane at different ambient temperatures can be pre-
dicted well. However, under-predictions were observed for SR23,
especially at lower ambient temperatures. Simulations can capture
the effect of longer lift-off length when m-xylene is added to n-
dodecane. This also indicates that the fuel–air mixing will be

Fig. 7 Predicted (line) and experimental (symbols) [16] CO
profiles for the two-component surrogate (SR23) in the Drexel
pressurized flow reactor: P5 8bar, s5 110ms, / ¼ 0:23

Fig. 8 Mechanism reduction flow diagram
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Table 1 List of isomer groups with mole fractional amounts of
each of isomer in the group

Group Isomers

ISO1 C12OOH4-6O2 (0.4074); C12OOH3-5O2 (0.1855);
C12OOH4-2O2 (0.4071)

ISO2 C12OOH5-7O2 (0.2949); C12OOH5-3O2 (0.2951);
C12OOH6-4O2 (0.2047); C12OOH6-8O2 (0.2054)

ISO3 C12H25O2-6 (0.4107); C12H25O2-5 (0.5893)
ISO4 C12H25O2-3 (0.2610); C12H25O2-4 (0.7390)
ISO5 C12OOH4-6 (0.4070); C12OOH3-5 (0.1862);

C12OOH4-2 (0.4067)
ISO6 C12OOH5-7 (0.2894); C12OOH5-3 (0.2899);

C12OOH6-4 (0.2103); C12OOH6-8 (0.2104)
ISO7 C12OOH6-9 (0.4086); C12OOH5-8 (0.5914)
ISO8 C12H25-6 (0.1605); C12H25-4 (0.6607); C12H25-5 (0.1788)
ISO9 C12KET4-6 (0.4072); C12KET3-5 (0.1856);

C12KET4-2 (0.4072)
ISO10 C12KET5-7 (0.2957); C12KET5-3 (0.2955);

C12KET6-4 (0.2044); C12KET6-8 (0.2044)
ISO11 C12O5-7 (0.3195); C12O3-5 (0.3680); C12O4-6 (0.3125)
ISO12 C12O4-7 (0.4345); C12O3-6 (0.5655)
ISO13 C12H24-5 (0.1576); C12H24-3 (0.3345); C12H24-4 (0.5079)

Fig. 9 Calculated ignition delay times for the SR23 mixture
obtained using the detailed kinetic mechanism and the 163 spe-
cies reduced mechanism at an equivalence ratio of 2

Table 2 Setup and boundary conditions for 3D spray combus-
tion simulations obtained from measurements [24]

Parameter Quantity

Fuels SR23
n-dodecane

Nozzle outlet diameter 90lm
Discharge coefficient 0.89
Fuel injection pressure 150MPa
Fuel injection temperature 363K
Injection duration >4ms
Injected fuel mass 19.7mg
Injection rate shape Square
Ambient gas temperature 800–1100K
Ambient gas density 22.8 kg/m3

Ambient O2 15%

Fig. 10 Experimental [24] and computed liquid lengths at 900
and 1000K ambient temperature conditions

Fig. 11 Experimental [24] and computed vapor penetration
lengths at 900K ambient temperature condition

Fig. 12 Comparison of (a) ignition delay and (b) lift-off length
for SR23 and n-dodecane from experiments [25] and
simulations
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enhanced with the SR23 mixture compared to n-dodecane, before
the onset of combustion. However, the sensitivity to fuel composi-
tion going from one fuel surrogate to the other is clearly under-
predicted. In future studies, we will focus on understanding
whether the under prediction of the lift-off length is due to the
spray characteristics or the chemical kinetic mechanism.

The presence of m-xylene slows the reactivity of the binary
mixture as shown in Figs. 12(a) and 12(b). This allows for more
entrainment of oxygen into the SR23 mixture compared to neat n-
dodecane, yielding a leaner fuel/air equivalence ratio before the
onset of combustion, which in turn reduces soot formation com-
pared to neat n-dodecane [62]. On the other hand, it is also possi-
ble that the aromatic nature of xylene may promote soot
formation [63]. This is examined in more detail in Fig. 14, which
shows the soot mass predictions for SR23 and neat n-dodecane at
different ambient temperatures. It is observed that the soot mass is
significantly higher for neat n-dodecane than SR23 at different
ambient temperatures. This indicates that although m-xylene may
enhance soot production of SR23 due to its aromatic nature, the
influence of enhanced fuel–air mixing characteristics (due to its
longer ignition delay and lift-off length) are predominant, result-
ing in lower soot for SR23. This observation is in agreement with
the experimental finding in Ref. [64] that cetane number, a mea-
sure for diesel fuels ignition properties, was found to play a major
rule in soot emission of an optical single-cylinder CI engine.

Fig. 13 Contour plots of temperature for 900K and 1000K con-
ditions obtained from simulations at 1.5ms for the SR23
mixture

Fig. 14 Soot mass predictions versus time comparison for
SR23 and n-dodecane at different ambient temperatures

Fig. 15 Scatter plots of / versus temperature in each of the computational cells for
SR23 and n-dodecane cases at 900 and 1000K ambient temperatures at 1.5ms

Fig. 16 Conditional average of temperature on equivalence ra-
tio for SR23 and n-dodecane at 900K and 1000K ambient
temperatures
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To further understand the soot trends in Fig. 14, the equivalence
ratio in temperature space is plotted in Fig. 15. The scatter plots
of / versus temperature at 1.5ms for all the computational cells
in the simulation are shown for SR23 and n-dodecane at 900 and
1000K. It is observed from Fig. 15 that neat n-dodecane has
greater regions of higher temperature in richer mixtures compared
to SR23 at both ambient temperatures. Richer mixtures during
ignition and combustion results in higher soot for n-dodecane,
being consistent with the finding in Fig. 14. In order to further
clarify the temperature regime in the rich mixture (e.g., high /),
averaged temperatures conditional on / are plotted in Fig. 16 for
both fuels. For a given temperature, the mixtures are richer for
neat n-dodecane compared to SR23 which is consistent with the
observations in Fig. 15.

5 Concluding Remarks

A skeletal mechanism of a multicomponent mixture of n-
dodecane and m-xylene, with 163 species and 887 reactions was
developed from a detailed mechanism consisting of 2885 species
and 11,754 reactions for multidimensional diesel engine simula-
tions. The parent xylene mechanism was presented and exten-
sively validated using data from low and high temperature
ignition, a jet stirred reactor, and spherically propagating flames.
The combined mechanism for the binary surrogate mixture was
also validated against available experimental data. Two rounds of
DRG-X and DRGASA together with one round of isomer lumping
were performed to obtain a reduced mechanism. The mechanism
was validated against the detailed mechanism as well as available
ST and flow reactor data. Overall, good agreement was observed
for all the conditions. Further validation was conducted against a
spray flame dataset from the ECN. It was found that the mecha-
nism could capture the ignition delay very well, but slightly
under-predicts the lift-off length, especially at lower ambient tem-
peratures. Lower soot concentrations were predicted for SR23 at
different ambient temperatures indicating that slow reactivity (i.e.,
enhanced fuel–air mixing) dominates the soot formation com-
pared to the effect of m-xylene’s aromatic nature.
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