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Abstract
In dual-fuel (DF) compression ignition (CI) engines, a high-reactivity fuel (HRF), such as diesel, is directly injected to
the engine cylinder to ignite a mixture of low-reactivity fuel (LRF) and air. This study targets improving the general
understanding on the DF ignition phenomenon using zero-dimensional (0D) homogeneous reactor studies and three-
dimensional (3D) large eddy simulation (LES) together with finite-rate chemistry. Using the LES framework, n-dodecane
liquid spray is injected into the lean ambient methane-air mixture at φ = 0.5. The injection conditions have a close
relevance to the ECN Spray A setup. Here, we assess the effect of two different chemical mechanisms on ignition
characteristics: a skeletal mechanism with 54 species and 269 reaction steps (Yao mechanism) and a reduced
mechanism with 96 species and 993 reaction steps (Polimi mechanism). Altogether three ambient temperatures are
considered: 900, 950, and 1000 K. Longer ignition delay time (IDT) is observed in 3D LES spray cases compared to
0D homogeneous reactors, due to the time needed for fuel mixing in 3D LES sprays. Although ignition is advanced
with the higher ambient temperature using both chemical mechanisms, the ignition process is faster with the Polimi
mechanism compared to the Yao mechanism. The reasons for differences in ignition timing with the two mechanisms
are discussed using the 0D and 3D LES data. Finally, heat release modes are compared in 3D LES according to low-
and high-temperature chemistry in DF combustion at different ambient temperatures. It is found that Yao mechanism
overpredicts the first-stage ignition compared to Polimi mechanism, which leads to the delayed second-stage ignition
in Yao cases compared to Polimi cases. However, the differences in DF ignition for Polimi and Yao mechanisms are
relatively smaller at higher ambient temperatures.
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Introduction

Several clean combustion technologies have been recently
developed in order to reduce particulates, NOx, and
greenhouse gas emissions. In this respect, there have been
considerable improvements in engine technologies such
as the utilization of renewable fuels, electrification, and
development of hybrid engines. Recently, in the context
of compression ignition (CI) engines, more advanced
combustion strategies such as dual-fuel (DF) combustion
have been proposed and used as viable solutions to provide
higher efficiency and lower emissions compared to the
conventional CI engines1–5. The idea of DF combustion in
CI engines is to burn one (or a combination of) low reactivity
fuel(s) (LRF), such as methane, with the assistance of a high
reactivity fuel (HRF), such as diesel. With relevance to this
study, pilot HRF is injected to the lean mixture of premixed
LRF/air to initiate ignition and burn interactively with
LRF1–3,6–11. Typically, diesel is injected in small amounts to
avoid high emissions, however, it should release sufficient
energy to ignite the LRF under desired conditions.

The present study is linked to the previous research
by Kahila et al.2 and Tekgul et al.3 where DF spray
ignition was numerically explored in the Engine Combustion
Network (ECN) Spray A context2,12–17. In this configuration,
a low- temperature (363 K) liquid n-dodecane is sprayed
to the high-temperature ambient of premixed methane/air
at φ=0.5. The present study seeks to investigate the effect
of chemical kinetics mechanism on DF spray ignition in
three-dimensional (3D) large-eddy simulations LES/finite-
rate chemistry modeling context at various temperatures.
Here, methane is considered as the LRF and n-dodecane
is the diesel surrogate considered as the HRF. We note
that n-dodecane has similar thermochemical properties to
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diesel and methane has a low carbon content which leads
to lower carbon dioxide emissions (CO2) compared to long
hydrocarbons such as diesel. Additionally, the abundant
availability of methane in nature, its relatively low price, and
the wide infrastructure of methane gas distribution network
around the globe are the main motivations in using methane
as LRF in DF CI engines8,18,19.

Several experimental20–23 studies have investigated
ambient temperature effects on single fuel (SF) n-dodecane
ignition in the ECN Spray A configuration. Such studies
have reported longer ignition delay time (IDT) at lower
ambient temperatures due to the longer mixing timescales
and chemistry slow-down. Even though there has been
growing interest in DF combustion research, the literature
indicates that the main focus has been on the performance
and emission characteristics of CI engines. Only recently,
investigation of ignition characteristics in DF engines has
been considered in the literature. In rapid compression-
expansion machine (RCEM) experiments24,25, it was noted
that diesel ignition is retarded in DF (premixed methane-air)
compared to SF mode (pure air ambient). For instance, Srna
et al.25 performed laser diagnostics on RCEM experiments
to identify the early low-temperature ignition stage using
formaldehyde detection. They found that both low- and
high-temperature ignition are delayed with the presence
of methane in combustion. Also, their findings indicate
that methane has a more significant retarding effect on DF
ignition at lower ambient temperatures.

Moreover, several numerical studies have similarly
reported IDT delay in the DF mode compared to the SF
mode, which span from zero-dimensional (0D) to spray-
assisted 3Dd DF ignition studies26–33. There are also a
few studies that scrutinized turbulence modelling through
Reynolds average Navier-Stokes (RANS) approach26,27,34. In
such a RANS modelling approach, combustion phenomenon
was studied using finite rate chemistry and experimental
in-cylinder pressure data was used for the validation
purpose. In addition, few studies have reported DF ignition
characteristics using direct numerical simulations (DNS),
e.g.30,32,33. For instance, Demosthenous et al.32 have studied
ignition of n-heptane droplets in premixed methane/air
ambient with the presence of decaying homogeneous
isotropic turbulence. More recently, Kahila et al.2,35 and
Tekgul et al.3 numerically investigated dual-fuel ignition
of a diesel spray in methane-air mixture. With relevance
to this study, Tekgul et al.3 have shown that the retarding
effect of methane is stronger at lower ambient temperatures
and their chemical sensitivity analysis indicated that
methane oxidation reactions are more important at lower
temperatures.

Despite the mentioned literature on DF combustion
investigation under various initial conditions, the literature
review indicates the following research gaps. First, the
influence of utilized chemical kinetics mechanisms on
numerical simulations of DF ignition is not thoroughly
reported. Determination of the DF ignition sensitivity to
the utilized chemical kinetics mechanisms in the literature
is in particular important because most of these chemical
mechanisms are developed for SF ignition. Second, a

detailed analysis of DF ignition characteristics with different
ambient temperature using different chemical mechanisms
is not presented in the literature. In this study, LES of
DF ignition are carried out in the context of modified
ECN Spray A baseline conditions using two different
chemical kinetics mechanisms and at three different initial
ambient temperatures; in total six LES case studies.
Additionally, DF ignition characteristics are investigated
using 0D homogeneous reactor computations to compare
with LES findings. Therefore, main objectives of the present
work are to: (i) understand DF ignition characteristics
at engine relevant conditions using homogeneous reactor
computations and 3D LES, (ii) investigate DF ignition
deviations between two chemical mechanisms for ambient
temperatures ranging between 900 and 1000 K, and (iii)
identify combustion modes and high-temperature chemistry
(HTC) and low-temperature chemistry (LTC) at different
ambient temperatures.

Numerical Methodology
In the present study, Navier-Stokes equations for gas
phase compressible turbulent flow are solved using the
LES approach. The present numerical strategy has been
thoroughly validated in our previous publications for the
SF ECN Spray A case17,36–38 and SF/DF cases2,3. The
solver provides results in a very good agreement with the
ECN data in terms of the liquid length, vapor penetration,
radial mixture fraction profiles, and ignition characteristics.
According to Kahila et al.2,35, the Favre-filtered LES
formulation for continuity, momentum and energy equations
are given below.

∂ρ̄

∂t
+
∂ρ̄ũi
∂xi

= S̄ρ, (1)

∂(ρ̄ũi)

∂t
+
∂(ρ̄ũiũj)

∂xj
=

∂

∂xj
(−p̄δij + ρ̄ũiũj − ρ̄ũiuj + τ̄ij) + Sui ,

(2)

∂(ρ̄Ỹk)

∂t
+
∂(ρ̄ũiỸk)

∂xi
=

∂

∂xi

(
ρ̄ũiỸk − ρ̄ũiYk + ρ̄D̃

∂Ỹk
∂xi

)
+ SYk

+ ¯̇ωk,

(3)

∂(ρ̄h̃t)

∂t
+
∂(ρ̄ũj h̃t)

∂xj
=

∂p̄

∂t
+

∂

∂xj

(
ρ̄ũj h̃s − ρ̄ũjhs +

λ

cp

∂h̃s
∂xj

)
+ Sh + ¯̇ωh,

(4)

where ρ, ũi, p, Yk, h̃s and τij , denote the filtered density,
velocity, pressure, kth species mass fraction, sensible
enthalpy and viscous stress tensor, respectively. Here, ∼
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represents density-weighted ensemble average while the
over-bar denotes unweighted average. Moreover, Lewis
number of unity is assumed for all species. Source terms of
Sρ, Su,i, SYk

and SYk
provide coupling between the liquid

and gaseous phases with respect to mass, momentum, species
and energy, respectively. The production rate of the species
k and heat release rate (HRR) are denoted by ω̇k and ω̇h,
respectively. The above-mentioned governing equations are
closed by the filtered ideal gas law. The governing equations
are solved using the finite volume library OpenFOAM39.
Here, a second order time integration method is utilized
whereas the pressure-velocity coupling is treated using the
PIMPLE algorithm2,3,17,38.

In the present 3D simulations, implicit LES (ILES) is used
as a “stand-alone” turbulence model without any explicit
subgrid scale turbulent dissipation. In practice, the ILES
is implemented by discretizing the convection terms by
a flux limited interpolation while the diffusive fluxes are
linearly interpolated. Here, consistent with our previous
works2,3,17,40, the Gamma scheme, a non-linear flux limited
scheme of 2nd order spatial accuracy is used to discretize the
convective fluxes41. The Gamma scheme requires an input
parameter k which is chosen to control the level of numerical
diffusion. Here, we choose k = 0.3 for the momentum
equation whereas k = 1.0 is selected for the scalars ensuring
a bounded total variation diminishing solution. These k
values are selected based our previous studies2,3,17,38. We
note that recently Gadalla et al.38 compared the ILES
approach against different SGS models in the ECN Spray A
context, while Kaario et al. 202042 studied effects of multiple
flow realizations on LES results. It was shown that the ILES
approach and flow realizations have minimal effects on the
results of the spray A LES.

For the injected liquid phase modeling, the Lagrangian
particle tracking (LPT) method is applied with a similar
model setup as in our previous Spray A studies2,35,38. Instead
of modeling the secondary breakup, we use a constant
initial droplet diameter (0.5µm) as justified and explained
in our previous papers38,42. The standard correlations of
Ranz and Marshall43 and Frossling44 are used for modeling
heat and mass transfer between the liquid and gas phases.
Similar to our previous studies2,3,35, no model for turbulence
chemistry interactions (TCI) is considered. Additionally, the
ambient mixture composition and temperature are initiated
as uniform fields while the velocity field is set to zero. The
injection profile is adopted from a virtual profile generator,
as suggested by the ECN.

For finite-rate chemistry/LES simulations, we have
coupled the open-source library pyJac45 with OpenFOAM.
The pyJac package provides the reaction rate coefficients
along with the analytical Jacobian matrix formulation
required by the ordinary differential equation (ODE) system
solver. Moreover, dynamic load balancing is employed to
accelerate the computational process as further explained
by Kahila et al.35. Species transport equations, which
include details of multiple species transport and reaction
pathways, are considered in this study. These species
transport equations are solved using finite-rate chemistry
model, which is the preferred method in terms of accuracy
and availability in modern numerical computations35. More

Table 1. Specifications of DF Spray simulations as compared
to the ECN Spray A conditions.

ECN Spray A DF
Injection parameters

Fuel n−C12H26 n−C12H26

Nozzle diameter 90µm 90µm
Temperature 363 K 363 K

Pressure 150MPa 150MPa
Ambient conditions

Temperature 900 K 900, 950, 1000 K
Density 22.8 kg/m3 22.8 kg/m3

O2(molar) 15.0 % 15.0 %
CO2(molar) 6.230 % 5.955 %

H2O(molar) 3.620 % 3.460 %
N2(molar) 75.150 % 71.835 %

CH4(molar) - 3.750 %

φ 0 0.5

details and validation on the pyJac-OpenFOAM coupling
have been provided in our previous works2,35.

Here, two different chemical kinetics mechanisms are
considered; Yao mechanism (54 species and 269 reaction
steps)46 and Polimi reduced mechanism (96 species and
993 reaction step)47, hereafter called Yao and Polimi
respectively. Although both chemical mechanisms are
originally developed for single-fuel n-dodecane combustion
under the ECN Spray A conditions, they are previously
used in the DF ignition context2,3,35,48,49. Due to the lack
of DF experimental data under engine-relevant conditions,
validations are only performed against available data for
single-fuel methane and n-dodecane combustion in our
earlier works,2,3. Here, the main goal is to understand
the differences in ignition characteristics of Yao compared
with Polimi in a range of relevant ambient temperatures.
Computational costs of the carried out 3D LES studies with
Yao and Polimi are compared and reported in Appendix
B. As shown in Appendix B, the computational load per
timestep depends on the chosen chemical mechanism as well
as the temperature level. We note that Yao mechanism is
by almost factor 2 faster than Polimi mechanism at each
respective ambient temperature.

Simulation configuration

The present 3D simulation configuration is based on the ECN
Spray A experimental setup modified for DF studies. The
setup was first introduced by Kahila et al.2. In the present
modified DF setup, similar to the SF ECN Spray A setup,
n-dodecane is injected from a 90-micron diameter nozzle at
pressure of 150 MPa into a chamber at ambient temperature
Ta= 900 K. In the present study, the molar composition of
O2 in the chamber is set initially to 15%. Here, according to
Kahila et al.2, the above-mentioned conditions are modified
for DF studies and the equivalence ratio of the premixed
methane-air mixture is set to 0.5. Here, Ta =900, 950 and
1000 K while the chamber pressure is initially pa = 60bar.
The molar concentration of O2 is initialized at 15%, and
the other molar compositions are modified accordingly as
reported in Table 1 compared to the baseline ECN Spray A.
The volume of the computational domain used in the present
LES matches the experimental combustion chamber volume
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of the Sandia National Laboratory3,35.

Here, three different refinement regimes are considered
to capture the main physics and chemistry of the
ignition process. There are altogether three grid refinement
zones in present simulations as displayed along with the
computational domain in Figure 1. Here, region R1 has a
grid spacing of 1mm and this region is far from the diesel
spray. Also, regions R2 and R3 have uniform grid spacing of
250 and 125 microns, and they are extended 65 mm and 32
mm downstream of the nozzle, respectively. We note that R3
region has the finest grid resolution, such that it can capture
the intense mixing of n-dodecane spray with the premixed
methane-air ambient. The present mesh resolution has been
used and validated in our previous non-reactive cases37,42. A
separate mesh sensitivity analysis is provided in Appendix
A, which is focusing on the region R3.

Figure 1. The computational domain used in the present work.
Mixture fraction field is shown in the background. R3, R2 and
R1 regions correspond to uniform resolution of 125 micron, 250
micron, and 1 mm grid spacing, respectively.

Results and Discussion

Overview on 3D spray ignition
Based on our 3D LES data, characteristic features of DF
ignition using Polimi and Yao at 900 K ambient temperature
are schematically illustrated in Figure 2. Mixing and
ignition phenomena can be observed through three different
distinguished zones as marked in this figure. In the mixing
and evaporation zone (I), liquid droplets accelerate the gas
stream which becomes turbulent and leads to entrainment
of the hot ambient gases to the spray axis enhancing rapid
evaporation and termination of the liquid phase at the liquid
length. Then, the evaporated gaseous n-dodecane stream
mixes intensely with the methane-air mixture forming the
low-temperature chemistry (LTC) zone (II). LTC reactions
lead to the decomposition of the long hydrocarbon n-
dodecane and consequently, intermediate radical species
such as C12H25O2, called RO2 hereafter, are formed50

leading to the first-stage ignition. Finally, downstream of
the LTC zone, high-temperature chemistry (HTC) zone
(III) involves HTC reactions which complete the oxidation
process leading to the second-stage ignition. The HTC zone

involves reactions with OH production/consumption. In this
zone, temperature levels increase significantly leading to the
ignition in the vicinity of the spray (HTC region).

In this study, the first-stage IDT (τ1) is defined as the
characteristic time for onset of low-temperature chemistry
(LTC) reactions, and it is defined as the time instance
at which 20 % maximum value of RO2 is reached35.
The second-stage IDT (τ2) is defined as the time instance
when maximum of temperature gradient is observed which
represents initiation of HTC reactions.

Figure 2. N-dodecane spray ignition process in ambient
methane/air (DF) at 900 K ambient temperature using Polimi
and Yao. Visualizations are taken at 1.1 IDT.

0D homogenous reactor analysis
Prior to the presentation of 3D LES simulations, we
study ignition characteristics of DF combustion by 0D
homogeneous reactor calculations considering the adiabatic
mixing line concept51. In the mixing line concept, the main
idea is to consider enthalpy-based inert mixing of two
presumed streams before the simulation. Here, the gas stream
of methane/air (φ = 0.5, Ta =900, 950, and 1000 K) and n-
dodecane fuel stream (Ta = 363 K) are mixed at different
mixture fraction values in 0D homogeneous reactor at 60
bar. Here, 0D homogeneous reactor simulations are carried
out using Cantera with two different n-dodecane chemical
mechanisms: Polimi and Yao. Mixture fraction, ξ, which
describes the mixing extent of liquid fuel stream and the
premixed oxidizer stream is defined by Equation 5 based on
mass fraction of N2, and it is consistent with the definition
provided by Bilger et al.52.

ξ =
YN2 − YNox

2

YNf
2
− YNox

2

(5)

Additionally, the most reactive mixture fraction (ξMR) is
defined as the shortest IDT within the tested range of ξ.
Table 2 presents ξMR values from 0D homogeneous reactor
calculations at different Ta using both Yao and Polimi
mechanisms. In addition, DF ignition characteristic values
at ξMR using the two selected chemical mechanisms are
summarized in Table 3.

Figure 3 displays IDT of DF mixtures along the mixing
line as a function of mixture fraction ξ for different
ambient temperatures with Polimi and Yao. The following
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Table 2. ξMR values from 0D homogeneous reactor calculations
using Polimi and Yao chemical mechanisms.

900 K 950 K 1000 K
ξMR (Polimi) 0.088 0.105 0.127
ξMR (Yao) 0.0780 0.095 0.115

observations can be made: 1) IDT is reduced with increase
in the ambient temperature for both mechanisms, and 2)
with increase in the ambient temperature, the most reactive
mixture fraction (ξMR) shifts towards the richer side for
both mechanisms. Accordingly, the respective ξMR values for
Polimi are larger than for Yao as reported in Table 2.

0.00 0.05 0.10 0.15 0.20 0.25 0.30

� [-]

0.0

0.5

1.0

1.5

2.0

2.5

ID
T
[m
s]

T a = 900 K T a = 950 K T a = 1000 K

Figure 3. 0D homogeneous reactor calculations: IDT against ξ
under spray A conditions for n-dodecane/methane using Polimi
(solid) and Yao (dotted) at different ambient temperatures.

Figure 4 displays progress of temperature with time in
0D homogeneous reactor simulations at ξMR wherein first-
stage IDT and second-stage IDT are marked with symbols.
It is observed that for Yao, the first-stage IDT is longer than
in Polimi at different ambient temperatures as consistent
with the observations in Refs.2,3,35. This delay in the first-
stage IDT leads to later second-stage IDT in cases with Yao
mechanism, c.f. Table 3. We note that in Figure 4, there is an
evident difference in the final products temperature with Ta
increase for Polimi, whereas for Yao this trend is not present.
We note that the aforementioned difference in the most
reactive mixture fractions between the two mechanisms leads
to different initial temperature and consequently, different
final temperature in Figures 4 (a) and (b). It should be
mentioned that this effect does not happen in 3D LES results,
presented in the following section, since the most reactive
mixture fraction and the mixing line concepts are not used in
3D LES.

To shed light on the reasons for difference in IDT
between Polimi and Yao cases, a reaction sensitivity
analysis has been performed earlier at 900 K ambient
temperature with the two mechanisms by Kahila et al.35

using 0D numerical simulations. We refer to that study
wherein both the SF (single-fuel n-dodecane) and DF
ignition chemistry are shown to be dictated by reactions
involving n-dodecane and its long hydrocarbon radical
products. However in DF ignition, methane is shown to
consume OH radicals required to initiate LTC reactions
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(b)

Figure 4. Temporal evolution of temperature using 0D
homogeneous reactor calculations: (a) Polimi (b) Yao for
n-dodecane/methane ignition at different ambient temperatures.
Here, τ1 and τ2 are marked with diamond and star symbols,
respectively.

throughout reactions like CH4 + OH→ CH3 + H2O and
chain terminating reactions like CH3 + HO2 → CH4 + O2

and 2 CH3(+M)→ C2H6(+M). In both Polimi and Yao,
these chain terminating reactions are present but for Polimi,
their inhibiting influence is shadowed by reactions involved
in the early n-dodecane decomposition. Such an effect is
considered as the main reason for the shorter IDT of the
DF ignition with Polimi compared to Yao. According to3,
Yao overpredicts DF ignition while Polimi provides more
realistic ignition results. We note that the aforementioned
difference in reactions contribution to DF ignition with Yao
and Polimi leads to differences in the most reactive mixture
fraction in 0D simulations as reported in Table 2.

3D spray ignition
In DF ignition, species such as RO2, HO2, H2O2, and OH
are considered for quantification of the ignition process.
In particular, RO2 is an important intermediate radical in
decomposition of n-dodecane, and it can be used to mark
the first-stage IDT. In contrast, OH is associated with high-
temperature combustion, therefore used here to represent
the second-stage ignition. Temporal evolution of maximum
RO2 mass fraction (RO2max) and OH mass fraction (OHmax)
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in different DF LES cases are presented in Figure 5 for
Polimi (a) Yao (b). It is observed that at higher Ta, more
RO2 and OH are generated during the first-stage and second-
stage ignition, respectively. Also, the first-stage and second-
stage IDT variations with Ta present similar trends to those
observed in Figure 4. In summary, (I) the higher ambient
temperature leads to the earlier first-stage and second-stage
ignition, (II) the ignition process is shorter with Polimi
compared to Yao, and (III) RO2 formation during the first-
stage ignition is stronger with Yao compared to Polimi.
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Figure 5. Temporal evolution of Tmax (solid), RO2max(dotted),
and OHmax(dash-dotted line) in DF LES for a) Polimi b) Yao
chemical mechanims. Here, τ1 and τ2 are marked with diamond
and star symbols, respectively.

Table 3 summarizes the calculated first-stage and second-
stage IDT for the carried out 0D and 3D LES cases in this
study using Polimi and Yao mechanisms. Longer ignition
delay time (IDT) is observed in 3D LES spray cases
compared to 0D homogeneous reactors, due to the time
needed for fuel mixing in 3D LES sprays. We note that
in comparison between the 0D and 3D results, only the
similarity of trends are of importance and a quantitative
comparison is not possible; c.f.2,3 for further details.

Figure 6 illustrates cut-planes of mixture fraction spatial
distribution in 3D LES case studies at 1.1 τ2. Moreover, iso-
contours of stoichiometric mixture fraction and important
intermediate species, RO2max and H2O2max (relevant to LTC),
and OHmax (relevant to HTC) are highlighted. It is noted
that ignition typically starts from the spray tip region. Also,
concentrations of LTC- and HTC-related species are stronger

Table 3. Ignition delay time calculations from 0D homogeneous
reactor calculations at ξMR and 3D LES (ms)

Cases τ1(0D) τ2(0D) τ1(LES) τ2(LES)
900 K (Polimi) 0.094 0.286 0.193 0.535
950 K (Polimi) 0.076 0.203 0.097 0.425
1000 K (Polimi) 0.033 0.143 0.077 0.308
900 K (Yao) 0.252 0.459 0.461 0.771
950 K (Yao) 0.118 0.318 0.230 0.514
1000 K (Yao) 0.067 0.270 0.173 0.405

at higher Ta, which is consistent with the observations
in Figure 5. According to Figure 6, at 900 K ambient
temperature, spray volume is larger for Yao compared to
Polimi, which is related to the longer IDT of the Yao
mechanism compared to Polimi, as previously discussed.
Accordingly, there is a higher level of mixing and dilution
of the fuel spray for Yao case at Ta=900 K compared to
Polimi. We note two reasons for different location of OH
iso-lines in Yao and Polimi cases at Ta=900 K: 1) the sprays
are shown at their respective 1.1τ2 in Figure 6, i.e. a later
physical time for Yao case compared to Polimi, 2) different
reactions contributing to OH consumption in the Polimi and
Yao cases, which was earlier discussed. We should note that
this discrepancy between Polimi and Yao cases is weaker at
higher ambient temperatures i.e 950 and 1000 K.

Heat release mode analysis
In Figures 7 and 8, the total HRR is decomposed into
different HRR modes based on the selection criteria defined
for RO2, H2O2, and OH mass fractions as well as
temperature. The considered selection criteria are reported
in Table 4 following the criteria set by Kahila et al.2. Here,
the HRR modes are called early LTC, LTC, pre-HTC, HTC
pre-ignition and HTC. Each HRR mode is integrated over
the spray volume, which is defined as ξ > 10−4. Here,
time is normalized by the respective IDT in each LES case.
Moreover, temporally integrated HRR modes are shown
with pie-charts in Figures 7 and 8 to demonstrate the time-
integrated contribution of each mode to the total HRR in
percentage, within the period from the initial time till 1.1τ2.

Table 4. Selected criteria for the HRR modes, the
corresponding values used are RO2crit = 10−5,
H2O2crit = 10−4,OHcrit = 10−5,Tcrit = 1150 K.

Mode Definitions
Early LTC (RO2 ≥ 1.10−7) ∩ (H2O2 ≤ H2O2crit) ∩ (T ≤ Tcrit)
LTC (RO2 ≥ (RO2crit)) ∩ (H2O2 ≥ H2O2crit) ∩ (T ≤ Tcrit)
Pre-HTC (RO2 < (RO2crit)) ∩ (H2O2 ≥ H2O2crit) ∩ (T ≤ Tcrit)
HTC pre-ign (OH < OHcrit) ∩ (T ≤ Tcrit)
HTC (OH ≥ OHcrit) ∩ (T ≤ Tcrit)

According to Figure 7, the LTC mode starts later in
time and it is locally stronger for the Yao mechanism
compared to the Polimi mechanism. However, the time-
integrated LTC contribution to the total HRR is slightly
stronger for the Polimi case than for the Yao case. This is
consistent with the observations by Kahila et al.2 at 900
K ambient temperature in which the Yao and Polimi cases
have significant deviations in capturing the LTC mode. On
the other hand, the time-integrated HTC mode contribution
to the total HRR is considerably stronger for the Yao case,
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Figure 6. Spatial distribution of mixture fraction (ξ) at 1.1τ2 using DF LES for Polimi (left) and Yao (right) chemical mechanisms.
Iso-lines of stoichiometric ξ (dotted-yellow), 1 % RO2max (solid-green), 25 % H2O2max (solid-orange) and 15 % OHmax (solid-red) are
highlighted in the figure.

whereas the contribution of the time-integrated HTC pre-
ignition mode is stronger for the Polimi case compared to
the Yao case.

In Figure 8, i.e. 950 K ambient temperature, both local and
time-integrated HRR modes have smaller differences for the
two mechanisms compared to the cases at 900 K ambient
temperature in Figure 7. Smaller differences in the HRR
modes at higher ambient temperatures are correlated to the
similarity of spray volumes at higher ambient temperatures
as observed earlier in Figure 6 as well as smaller differences
in IDT at higher ambient temperatures, c.f. Table 3. However,
similar to the observation in Figure 7 at 900 K ambient
temperature, the LTC mode is delayed in time and it is
locally stronger for the Yao mechanism at 950 K ambient
temperature.

We note that there is no experimental data on DF ignition
under engine-relevant conditions and as there is no chemical
kinetics mechanism developed for such DF conditions, it is
not straightforward to recommend a chemical mechanism
based on the current results. We note that although the
Yao mechanism is preferred in expensive computations
of 3D LES due to its lighter mechanism, the Polimi
mechanism predicts ignition timing with a better accuracy.
However, deviations in ignition characteristics and HRR
modes between the Yao and Polimi mechanisms are smaller
at higher ambient temperatures (950 K and 1000 K here).
This trend justifies the use of Yao mechanism in future
numerical simulations for DF ignition, especially at higher
ambient temperatures.

Conclusions
In a modified dual-fuel (DF) ECN Spray A setup, ignition
characteristics of n-dodecane spray into a lean methane-air
mixture were investigated using 3D large eddy simulations
(LES) and 0D homogeneous reactor calculations using the
adiabatic mixing line. Two different chemical mechanisms,
namely Yao (a skeletal mechanism with 54 species and
269 reaction steps) and Polimi (a reduced mechanism with
96 species and 993 reaction steps) were utilized. Three
values of premixed gas ambient temperatures (Ta) were
considered: 900, 950, and 1000 K. Ignition characteristics
were investigated through analysis of the first- and second-
stage ignition delay time (IDT) as well as low- and high-
temperature chemistry (LTC and HTC). Several differences
for Yao and Polimi in prediction of IDT, LTC, and HTC were
observed. The main findings of this study are highlighted in
the following.

1. According to both 0D homogeneous reactor calcula-
tions and 3D LES simulations, the choice of chem-
ical mechanism can influence ignition characteristics
and modes of combustion specifically at lower Ta.
At Ta=900 K, deviations between the case studies
with two different mechanisms are more pronounced
compared to the cases at Ta=1000 K.

2. Yao mechanism overpredicts first- and second-stage
IDT values compared to Polimi mechanism. This trend
is stronger at lower Ta, i.e. 900 K. In both Polimi
and Yao, chain terminating reactions are present which
consume OH, but for Polimi their inhibiting influence
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Figure 7. Modal decomposition of the total HRR within the
spray region for n-dodecane/methane for (a) Polimi mechanism
(b) Yao mechanism at ambient temperature 900 K. Here, time is
normalized with the respective IDT in each case. The pie-charts
represent the time-integrated contribution of each mode from
the start of injection until 1.1τ2.

is shadowed by reactions involved in the early n-
dodecane decomposition.

3. Due to the longer IDT values for Yao mechanism at
lower Ta compared to Polimi, the spray volume is
observed to be larger at the time of ignition. Therefore,
there is longer time for mixing before the first
instance of ignition for Yao at Ta=900 K compared to
Polimi. Such an effect leads to different distribution of
intermediate radicals for Yao and Polimi cases at 900
K ambient temperature.

4. Modes of heat release rate (HRR) analysis indicates
that the LTC region is delayed and it is locally
stronger for Yao compared to Polimi mechanism
at 900 K ambient temperature. In particular at
900 K ambient temperature, Polimi and Yao show
significant differences in capturing the LTC mode
which leads to different first-stage and consequently,
second-stage IDT. Similar to the trends observed
for IDT, at higher Ta (950 K), the time-integrated
contributions of combustion modes are similar for the
two mechanisms.
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APPENDIX A: Mesh sensitivity study
In this appendix, a mesh sensitivity analysis is carried
out to elaborate on the sensitivity of the provided results
in this study to the selected mesh. Here, the DF n-
dodecane/methane case at Ta=1000 K with Polimi is selected
for the mesh sensitivity analysis. With reference to Figure
1, here the R3 region is replaced with a finer grid spacing.
In particular, the standard 125-micron grid spacing used in
this study in the R3 region is replaced by a 62.5-micron grid
spacing mesh.

Results of the mesh sensitivity analysis are presented
in Figure 9, wherein temporal evolution of Tmax (solid),
maximum RO2 mass fraction (RO2max)(dotted) and OH mass
fraction (OHmax)(dotted line) are displayed. It is observed
that there are small deviations between the results of the
standard mesh (minimum grid spacing of 125 micron)
compared to the finer mesh (minimum grid spacing of 62.5
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Figure 9. Mesh sensitivity analysis for 125 micron mesh (lines)
and 62.5 micron mesh (symbols) in DF LES using Polimi at the
ambient temperature of 1000 K. Here, the different lines
represent Tmax (solid), RO2max(dotted) and OHmax(dash-dotted
line) respectively.

Table 5. IDT values for standard and finer mesh cases at 1000
K ambient temperature using Polimi mechanism

Cases τ1(LES) τ2(LES)
1000 K (Standard mesh) 0.033 0.308
1000 K (Finer mesh) 0.067 0.325

micron). Table 5 presents the IDT values for the standard
and finer mesh configurations, wherein it is observed that
the second-stage IDT values are not sensitive to the mesh
resolution. However, we note that the first-stage IDT is more
sensitive to the mesh resolution, which is mainly relevant to
high fluctuations of the intermediate species in LTC-related
reactions. Therefore, the utilized standard mesh resolution in
this study is considered to be promising for achieving grid-
independent results.

APPENDIX B: Information on computational
resources.

The present work is carried out using the PUHTI Atos
BullSequana X400 supercomputer in Finland. PUHTI has
a total of 682 CPU nodes and latest generation Intel Xeon
Gold 6230 processors running at 2.1 GHz speed. The
computational load for present simulations has been reported
in Figure 10. The computational cost for using the Polimi
mechanism is higher than that for the Yao mechanism, due to
its higher number of species and reaction steps. In addition,
it can be observed that the computational cost in early
iterations is lower for all cases. This is due to existence
of both less-stiff/chemically inert conditions within earlier
iterations.
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